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FOREWORD 
Preservation of environment became a serious concern of the world in recent years. 
Not only reduction of carbon and greenhouse gases’ emission, but also recycling of 
natural resources is main tools for preservation of environment. Used tires are one of 
the dramatic aspects of recycling. Used tires may be recycled and used several ways. 
However, none of these are able to reduce the used tire amount effectively. 
Geotechnical engineering may find a better and more efficient usage for used tires. 
This study is based on determining the geotechnical properties of used tire granulates 
and behavior of their mixtures with sand. Laboratory experiments may possibly 
enlighten the way of used tire granulates usage in sandy soils. 
I would like to thank especially to Assistant Professor Berrak TEYMUR, Associate 
Professor Ismail Hakki AKSOY, all Istanbul Technical University Civil Engineering 
Faculty Soil Mechanics & Geotechnical Engineering Department members and 
ATAPEK family. 
September 2008 Behzat Alp ATAPEK 
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KULLANILMIŞ LASTİK GRANÜLLERİ, KUM VE ÇİMENTODAN 
OLUŞAN KOMPOZİT ZEMİNİN ÖZELLİKLERİNİN BELİRLENMESİ 
ÖZET 
Amerika Birleşik Devletleri’nde kullanılmış lastik parçalarının değerlendirilmesi için 
birçok çalışma yapılmıştır. Bu çalışmalardan bazılarında lastik parçaları; asfalt 
üretiminde ek agrega olarak, istinad duvarı arkasında hafif dolgu malzemesi olarak 
ve olası drenaj malzemesi olarak kullanılmıştır. Ayrıca, kullanılmış lastiklerin bütün 
olarak toprak setlerinin güçlendirilmesinde, şev stabilitesinin artırılmasında, şevler 
için geçici koruma sağlanmasında, orman yollarının desteklenmesinde ve kıyı 
yollarının erozyona karşı korunmasında kullanılmaları araştırılmıştır. Türkiye’de 
kullanılmış lastikler, Amerika Birleşik Devletleri’nde olduğu kadar büyük bir çevre 
sorunu değildir. Yine de geometrik olarak artan kullanılmış lastik sayısı Türkiye 
ekonomisi ve çevre için tehlike yaratmaktadır. Ülkemizde sadece üç firmada 
kullanılmış lastikleri işleme ve parçalama teknolojisi ve makinesi bulunmaktadır. 
Kullanılmış lastiklerin işlenmesi ve parçalanması, içerdikleri değerli metal şeritlerin 
elde edilmesi amacıyla bu firmalar tarafından yapılmaktadır. Kullanılmış lastik 
granülleri, bu işlemler sırasında açığa çıkan ve ekonomik değeri olmayan yan 
ürünlerdir ve sadece Kocaeli ilindeki iki ayrı çimento fabrikası tarafından yanma 
ısısını artırmak amacıyla kullanılmaktadırlar. 
Bu tez kapsamında, kullanılmış lastik granülleri bir zemin numunesi gibi ele alınmış, 
çeşitli deneyler yardımıyla özellikleri tespit edilmiştir. Kum, kullanılmış lastik 
granülleri ve kullanılmış lastik parçalarının su muhtevaları, doğal birim hacim 
ağırlıkları, kuru birim hacim ağırlıkları, rölatif sıkılıkları, özgül ağırlıkları ve dane 
çapı dağılımları bulunmuştur. Standart Proctor deneyi kum, kullanılmış lastik 
granülleri ve kullanılmış lastik parçaları üzerinde yapılmıştır. Sabit seviyeli 
permeabilite deneyi kum, kullanılmış lastik granülleri, kullanılmış lastik parçaları ve 
kum ile kullanılmış lastik granülleri karışımları üzerinde uygulanmıştır. Kesme 
kutusu deneyi kum, kullanılmış lastik granülleri ve kum ile kullanılmış lastik 
granülleri karışımları için yapılmıştır. Daha sonra, beş ayrı numune kompozit zemin 
oluşturmak amacıyla kullanılmış lastik; kum ve çimento karıştırılarak dökülmüştür. 
Serbest basınç deneyi ve Kaliforniya taşıma oranı deneyleri bu numuneler üzerinde 
yapılmıştır. Son olarak, tüm deney sonuçları tartışılmış ve kompozit zeminin 
kullanımı, verimliliği, maliyeti ve çevresel etkileri üzerine yorumlar yapılmıştır. 
xviii 
 
Sonuçlar literatürdeki mevcut çalışmalarla karşılaştırıldığında kum ile kullanılmış 
lastik granülleri karışımlarının şev stabilitesi açısından yeterli oldukları ve dolgu 
ağırlığını azaltmada oldukça başarılı olduğu tespit edilmiştir. Kullanılmış lastik 
granülleri; kum ve çimento ile yapılan kompozit zeminlerin mekanik ve fiziksel 
özellikleri literatürdeki mevcut zemin değiştirme yöntemleri ile karşılaştırıldığında 
daha iyi oldukları gözlenmiştir. 
xix 
 
DETERMINATION OF PROPERTIES OF COMPOSITE SOIL WITH USED 
TIRE GRANULATES, SAND AND CEMENT 
ABSTRACT 
Many studies about used tires have been made in United States of America such as 
use of used tire shreds as an ingredient for asphalt production, as a lightweight 
backfill material for retaining walls, as a lightweight fill material and as a possible 
substitution for drainage materials. Also there is research on used tire usage for soil 
reinforcement in embankments, for enhancing slope stability, for temporary 
protection of slopes, for retaining forest roads and for protection of coastal roads 
from erosion. In Turkey, used tires may not be a problem as serious as in the US for 
the environment, and even if it is not a huge concern, geometrically increasing 
amount of used tires endangers Turkey’s environment and economy. There are only 
three companies that have the equipment and technology for scrapping and shredding 
used tires in Turkey. Those companies conclude such process for acquiring metal 
cords within used tires which are valuable. Eventually, used tire granulates are the 
byproduct of that process which are not commercially important because used tire 
granulates are only used by two cement factories in Kocaeli for gaining extra energy 
by burning them. 
Used tire granulates are investigated as a soil and its characteristics are found with 
several experiments. Water content, natural unit weight, dry unit weight, relative 
density, specific gravity and particle size distribution of used tire granulates, used tire 
shreds and sand are determined. Standard Proctor test is done for sand, used tire 
granulates and used tire shreds. Constant head permeability test is conducted for 
sand, used tire granulates, used tire shreds, and sand and used tire granulates 
mixtures. Direct shear test is performed with sand, used tire granulates and sand and 
used tire granulates mixtures. Different samples are casted for investigating a 
composite soil with used tire granulates, sand and cement. Unconfined compression 
test and California bearing ratio tests are done on these samples. Results of each 
experiment are discussed, comments on the usages of composite soil with granulated 
tire, sand and cement are made, and its efficiency, cost issues and environmental 
impacts are discussed. With respect to the results, when compared with the available 
literature, use of sand and used tire granulates mixtures is adequate for slope stability 
and is highly effective for reducing weight of the fill. Composite soils made of used 
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tire granulates, sand and cement have better mechanical and physical properties if 
compared with available literature about ground modification methods. 
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1. INTRODUCTION 
Many civil engineering technologies have developed in recent years. High strength 
concrete, pre tension and post tension concrete, steel cable and alloy particle 
imbuement to concrete and composite slabs may be aligned as recent advancements 
in concrete technology. Geotechnical engineering has recent developments as in the 
concrete technology. Jet grout, micro piles, diaphragm walls and soil improvement 
techniques are some of the recent advancements. Soil improvement techniques 
became more important with respect to the ever growing demand on high rise 
building and highway constructions. Main reason of this importance is that the 
construction areas are mostly on weak soils. Soil improvement techniques focus on 
composite soils and soil substitutions in recent years. 
Preservation of environment has become a serious concern for the world in recent 
years. Many solutions for the preservation of environment have been considered 
across the world such as reducing the emission of greenhouse gases, protection of 
water resources and recycling industrial waste. Recycling used consumer products is 
an important issue and used tires are one of the consumer products which are suitable 
for recycling. The biggest consumer of tires in the world is the USA and they are 
doing research on used tires to find their geotechnical engineering applications. 
Recycling used tires is very important for protecting rubber trees from extinction, for 
economy, and for reducing energy demand and pollution. Used tires are generally 
stockpiled across the world, the need for larger areas and fire risk increase the 
importance of recycling. 
Many studies and researches about usage possibilities of recycled tires have been 
made by scientists and institutions. Some of those are; use of shredded tires as an 
ingredient for asphalt production, as a lightweight backfill material for retaining 
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walls, as a lightweight fill material and as a possible substitution for drainage 
materials. There is also research on the used tire usage for soil reinforcement in 
embankments, enhancing slope stability, temporary protection of slopes, retaining 
forest roads, protection of coastal roads from erosion and improving weak soils. 
Recycled tire usage for improving weak soils is researched widely in the USA and 
American Standard for Testing and Materials has published ASTM D6270-98 
Standard Practice for Use of Scrap Tires in Civil Engineering Applications on this 
subject. 
In this study, the aim is to investigate used tire granulates as a soil and to examine its 
physical and mechanical properties and possible usage area of composite soil which 
includes sand, used tire granulates and cement. For this purpose, several laboratory 
test are performed with used tire granulates, sand, sand and used tire granulates 
mixtures and composite soil samples. 
Chapter 2 includes literature review of recent studies and previous researches on the 
subject. Research on lightweight fill materials is investigated and its properties and 
usage areas are highlighted. Geofoams, bottom ash, burner slag and fly ash are 
explained briefly in this chapter as well. Then research done on used tires and their 
usages are explained in detail. 
In Chapter 3, experiments performed on used tire granulates, used tire shreds, sand, 
sand and used tire granulates mixtures and composite soil samples and the results 
obtained are presented. Chapter 4 discusses the results of the experiments. 
Mechanical and physical properties of, sand and used tire granulates mixtures and 
composite soil are discussed. Finally in Chapter 5, possible usage areas of the 
composite soil are explained and the environmental issues about the composite soil 
are considered. Cost efficiency of the composite soil as a ground modification 
method is discussed. 
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2. LITERATURE REVIEW 
2.1. LIGHTWEIGHT FILL MATERIALS 
Waste materials have become a huge problem for modern cities as they constitute 
high volume in landfills. According to the United States of America Environmental 
Protection Agency (EPA), in 1999, recycling and composting activities prevented 
about 64 million tons of material from ending up in landfills and incinerators. Today, 
U.S. recycles 32.5 percent of its waste, a rate that has almost doubled during the past 
15 years. Although recycling and composting activities help landfill areas to survive, 
within the next 10 years, the majority of the landfills will be closed. 
While recycling has grown in general, recycling of specific materials has grown even 
more: 52 percent of all paper, 31 percent of all plastic soft drink bottles, 45 percent 
of all aluminum beer and soft drink cans, 63 percent of all steel packaging, and 67 
percent of all major appliances are now recycled. As of 2005, about 500 materials 
recovery facilities had been established to process the collected materials. (EPA, 
2008) 
Generally, byproducts of lumber industry such as bark and sawdust are used for 
lightweight fill materials. In the United States of America, bark is used to cover 
flowering areas in residential areas for preventing erosion of highly productive 
organic soil. However, modern industrial activities force recycling and reuse of 
byproducts and wastes, and for environmental protection, modern wastes should be 
recycled. 
Bark, sawdust, wood chips, shells of shellfish, pumice, air entrained concrete, power 
plant bottom ash, fly ash, volcanic ash mixture with cement and foam and used scrap 
tires are used as lightweight fill waste materials. After Kocaeli earthquake in 1999, 
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demolition waste is used as a fill material in Turkey as well. In Table 2.1, 
compressed lightweight fill materials unit weights are given for comparison. 
Lightweight fill waste materials are used to reduce design load of fills, to enhance 
stability and to reduce consolidation of fills over weak soils, to improve stability of 
slopes and to reduce lateral earth pressure to retaining walls. 
Table 2.1 Lightweight Fill Materials (Aksoy, 1998) 
Fill Material Compressed Unit Weight (kN / m3) 
Soil 15.69 ~ 21.58 
Sawdust / Wood Chips 3.43 ~ 9.81 
Bark 3.43 ~ 9.81 
Shells of Shellfish - 
Pumice 6.37 
Air Entrained Concrete 5.88 
Bottom Ash 15.69 ~ 17.65 
Fly Ash 14.71 ~ 17.65 
Volcanic Ash Mixture with Cement and Foam 9.81 
Used Scrap Tires 6.28 ~ 9.32 
Polystyrene Foam 0.20 ~ 0.98 
Many studies are being executed in Japan about usage areas of lightweight fill 
materials such as fills over slopes which have high potential of sliding, reducing 
lateral earth pressure to retaining walls, stabilizing seismic properties of lightweight 
fills and composite soils made of foam or rubber mixtures. In Table 2.2, types of 
lightweight fills used in Japan are given. 
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Table 2.2 Types of Lightweight Fill Materials Used in Japan (Miki, 2002) 
Lightweight Fill Material Unit Weight (kN / m3) 
EPS Blocks 0.10 ~ 0.30 
Foam Mixture 7 or More 
Air Entrained Lime or 
Stabilized Air Entrained Foam 5 or More 
Raw Urethane for Foam Producing 0.30 ~ 0.40 
Coal Ash, Bottom Ash & etc. 10 ~ 15 
Volcanic Ash 12 ~ 15 
Gapped Structures 10 
Wood Chips 7 ~ 10 
Shells of Shellfish 11 
Used Scrap Tires 7 ~ 9 
Lightweight fill materials are used on weak soils for several purposes: 
- Constructing fills with low need of maintenance 
- Preventing construction deformations over nearby buildings 
- Reducing consolidation of sub base construction over weak soils 
- Preventing consolidation difference between fills and reducing lateral earth 
pressure over piles 
- Reducing consolidation of manmade islands and high quality seawalls 
- Lowering process time of constructions over weak soils 
- Lowering topographical changes in mountain road constructions 
- Stabilizing slopes over mountain road constructions 
Below, detailed information on geofoam, bottom ash, fly ash and burner slag will be 
given. 
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2.1.1. GEOFOAM 
Geofoam is made of polystyrene foam which may be divided in two groups; 
Expanded Polystyrene (EPS) and Extruded Polystyrene (XPS). Geofoam blocks or 
slabs are created by expansion of polystyrene foam to form a low density network of 
closed, gas filled cells. Geofoam is used for thermal insulation, as a lightweight fill 
or as a compressible vertical layer to reduce earth pressures against rigid walls. (IGS, 
2008) 
Initially, geofoam was used as a fill material in Norway in 1965 in a pavement 
construction. EPS was first used as a lightweight fill in Oslo, in the construction of 
Flonn highway. Until 1980, 35,000 m3 geofoam has been used as a lightweight fill in 
25 different fills in Scandinavia. Norway and Sweden still use geofoam as a 
lightweight fill material. (Sanders and Snowdon, 1993) 
2.1.1.1. GEOTECHNICAL PROPERTIES OF GEOFOAM 
Major advantage of geofoam is that it has a low unit weight. In cases of 
consolidation and stability, unit weight of geofoam is considered as 0.98 kN / m3 
with respect to the tendency of increase in water content while its production unit 
weight is 0.20 kN / m3. (Flaate, 1989) 
EPS and XPS have different characteristics under axial stress. EPS acts as a linear 
elastic material until 1 ~ 2 % of deformation and its strength increases slightly after 
10 % deformation. XPS also acts as a linear elastic material, but as its deformation 
reaches 5 %, XPS has maximum strength which this strength value is considered as 
characteristic strength of the material. (Sanders and Snowdon, 1993) 
Geofoam has a low Poisson ratio which is why, under pressure; geofoam has a slight 
lateral displacement. Geofoam has high lateral strength compared to its vertical 
strength. Friction ratio and internal friction angle of geofoam blocks generally are 
0.5° and 27° respectively. However, crushed particles from blocks have higher 
internal friction angle. Water absorption ratio of geofoams under continuous water 
level is 9 % and under repeated water level is 4 %. (Sanders and Snowdon, 1993) 
Table 2.3 shows the general properties of EPS and XPS. 
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Table 2.3 General Properties of Geofoams (Aksoy, 1998) 
Property EPS XPS 
Strength under 1 % Deformation 
(N / mm2) 0.02 ~ 0.10 0.14 ~ 0.37 
Strength under 10 % Deformation 
(N / mm2) 0.07 ~ 0.19 0.25 ~ 0.67 
Unit Weight 
(kN / m3) 0.15 ~ 0.30 0.28 ~ 0.55 
Design Unit Weight 
(kN / m3) 0.10 - 
Poisson Ratio 0 ~ 0.02 0 ~ 0.02 
Lateral Strength 0.09 ~ 0.22 - 
Internal Friction Angle 27° 27° 
Water Absorption Percentage 3.50 ~ 5 0.05 ~ 0.20 
Capillarity 
(cm) 20 - 
CBR 
(%) 
< 2 2 ~ 5 
2.1.1.2. GEOTECHNICAL USAGE OF GEOFOAM 
Design strength of geofoams under normal load conditions must be considered as the 
strength corresponding to 1 % deformation. Geofoams are used as a lightweight fill 
material since 1970’s as EPS has a unit weight of 0.10 kN / m3. Low density and 
high strength help geofoams to be used as a sub-base material for roads. Geofoam 
has also been used as a vibration damping material under low amplitude earthquakes 
and vibrations due to machinery, since 1980’s. Geofoams are used to reduce lateral 
pressures of backfills behind earth retaining structures and mine walls, to cover 
foundations, pipelines and tunnels in frozen soils. 
2.1.2. BOTTOM ASH AND BURNER SLAG 
Thermo electric plants produce electrical energy and this process results in two 
byproducts which are bottom ash and burner slag. Bottom ash is approximately 20 
percent of total ash which is produced by burner. Bottom ash has the same particle 
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size as sand, and is granulated, grey colored and has pores. With the help of water, 
bottom ash is cooled down and collected from the total ash of the burner for reuse at 
thermo electric plants. (Hecht and Duvall, 1975) In the US, 16.1 million metric tons 
of bottom ash was collected in 1996. (ACAA, 2008) 
Burner slag is also collected from thermo electric process. Unlike the bottom ash, 
burner slag is liquid. However, burner slag is cooled down with water like the bottom 
ash. Burner slag has particles which are as big as sand particles, black in color and 
angular. In 1995, approximately 2.6 million metric tons of burner slag was collected 
across the US. (ACAA, 2008) 
2.1.2.1. GEOTECHNICAL PROPERTIES OF BOTTOM ASH AND BURNER 
SLAG 
Bottom ash particles are angular and have pores. Particle sizes vary from the particle 
size of fine gravel to fine sand and it has also low percentage of clay or silt sized 
particles. (Moulton, 1973) 
Particle size of burner slag varies between 0.5 mm and 5 mm. Its surface texture is 
smooth and has pores. Unit weight of burner slag depends on the chemical 
composition. (Lovell et al, 1991) Table 2.4 presents general properties of bottom ash 
and burner slag. 
Table 2.4 General Properties of Bottom Ash and Burner Slag (Lovell et al, 1991) 
Property Bottom Ash Burner Slag 
Specific Gravity 2.1 ~ 2.7 2.3 ~ 2.9 
Dry Unit Weight 
(kN / m3) 7.2 ~ 16 9.6 ~ 14.4 
Plasticity - - 
Water Absorption Percentage 0.8 ~ 2 0.3 ~ 1.1 
Bottom ash and burner slag are composed of silica, aluminum oxide, iron, low 
percentage of calcium, magnesium and sulfates. Although bottom ash and burner 
slag both have salt as an ingredient and low pH values, they are highly decomposable 
and corroding. Table 2.5 presents characteristic properties of bottom ash and burner 
slag. 
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Table 2.5 Characteristic Properties of Bottom Ash and Burner Slag (Lovell et al, 
1991) 
Characteristic Property Bottom Ash Burner Slag 
Maximum Dry Unit Weight 
(kN / m3) 12.1 ~ 16.2 13.3 ~ 16.5 
Optimum Water Content  
(%) 12 ~ 24 8 ~ 20 
Internal Friction Angle 32° ~ 45° 36° ~ 46° 
CBR  
(%) 40 ~ 70 40 ~ 70 
Coefficient of Permeability 
(cm / s) 0.01 ~ 0.001 0.01 ~ 0.001 
2.1.2.2. GEOTECHNICAL USAGE OF BOTTOM ASH AND BURNER SLAG 
Bottom ash and burner slag are considered as lightweight fill materials. When their 
chemical properties are considered, they could only be used in fills behind retaining 
walls or as a sub-base material. 
2.1.3. FLY ASH 
Fly ash is one of the products of combustion of coal, and consists of silica and 
aluminum silica. (Aksoy, 1992) Fly ash is fine grained and has the particle size of silt 
particles, and therefore it can only be collected with electrostatic solutions and 
whirlwind filters. (Hausmann, 1990) Fly ash is classified into two groups due to their 
sources. ASTM C618 - 08 Standard Specification for Coal Fly Ash and Raw or 
Calcined Natural Pozzolan for Use in Concrete gives these groups as F type and C 
type fly ash. F type fly ash is the byproduct of anthracite or bituminous coal 
combustion. It has pozzolanic effect however it needs cement or lime for stability. C 
type fly ash is the byproduct of lignite or low bituminous coal combustion and also 
has strong pozzolanic effect as a binder. C type fly ash highly consists of lime which 
gives its pozzolanic affect. TSE has published TS 639 Fly Ashes Used in Cement 
Production in 1975 for the same purpose. Type of coal combustion, purity of coal, 
pulverization degree and type of collection determines the physical, chemical and 
engineering properties of fly ash. (Hausmann, 1990) 
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2.1.3.1. GEOTECHNICAL PROPERTIES OF FLY ASH 
Fly ash particles are round shaped; they consist of silica crystals and unburnt carbon. 
It has the same particle size as silt particles and has D50 of 0.02 ~ 0.06 mm. Specific 
gravity of fly ash varies between 1.9 ~ 2.5 gr / cm3. (Hausmann, 1990) Color of fly 
ash particles rely on carbon consistency and vary between light brown to black. 
Chemical composition of fly ash is determined by the combustion process. Fly ash 
from bituminous coal combustion consists of silica, aluminum oxide, iron oxide, 
calcium and carbon. On the other hand, fly ash from lignite or low bituminous coal 
consists of high calcium, magnesium oxide, low silica and iron. Fly ash has pH 
values varying between 6 ~ 11. (Hausmann, 1990) 
Void ratio of fly ash differs between 5 ~ 15 % with the maximum dry unit weight. 
Compaction characteristic of fly ash depends on how the fly ash was stored. (Brandl, 
1995) Increase in the dry unit weight of fly ash is low when compared to soil 
samples, with the increase in compaction energy. However, bottom ash behaves the 
opposite way as this depends on the crushing of porous particles of bottom ash. 
(Toth, 1988) Table 2.6 shows the results of standard Proctor and modified Proctor 
tests carried on fly ash by Toth, 1988. 
Table 2.6 Effect of Compaction Energy on Maximum Dry Unit Weight and 
Optimum Water Content (Toth, 1988) 
Fly Ash Mixture With 
Standard Proctor Test Modified Proctor Test 
Maximum Dry 
Unit Weight 
(kN / m3) 
Optimum 
Water 
Content  
(%) 
Maximum 
Dry Unit 
Weight 
(kN / m3) 
Optimum 
Water 
Content  
(%) 
Clay 15.54 28 3.20 -10 
Silty Clay 16.66 21 2.72 -9 
Sandy Clay 18.42 14 2.08 -3 
Sand 19.38 11 1.44 -2 
Gravel, Sand and Clay Mixture 20.67 9 1.28 -1 
Fly Ash 11.47 36 0.93 -10 
Bottom Ash 10.05 ~ 12.75 28 ~ 29 3.26 ~ 5.95 -11 
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Compacted fly ash has dry unit weight between 12 ~ 19 kN / m3 while its optimum 
water content varies between 15 ~ 30 %. Low dry unit weight after compaction gives 
fly ash advantage to be used in road constructions and fills. The fact that fly ash has 
low unit weight and high internal friction angle means low earth pressure is applied. 
(Hausmann, 1990) Hydraulic conductivity of fly ash depends on several properties 
such as compaction, optimum water content, void ratio, porosity, degree of 
saturation, hydraulic gradient and time. Permeability coefficient of fly ash has been 
determined between 10-9 and 10-5 m / s by laboratory tests. (Brandl, 1995) 
Coefficient of permeability of fly ash and its optimum water content depends on the 
type of coal combustion. Table 2.7 presents the relationship between coal type and 
permeability coefficient of fly ash. 
Table 2.7 Relationship between Coal Type and Permeability Coefficient of Fly Ash 
(Hausmann, 1990) 
Coal Type Bituminous Low Bituminous Lignite 
Permeability Coefficient 
(cm / s) 10
-4 ~ 10-7 10-5 ~ 3 X 10-6 9 X 10-6 ~ 10-7 
If fly ash is collected with whirlwind filters then it has no cohesion and cohesion 
formed by surface tension of chamber pressure, is vanished after saturation of fly 
ash. Internal friction angle and residual friction angle of fly ash increase with time. 
Internal friction angle is determined as 30° from the consolidated drained triaxial 
tests done on compressed fly ash samples. Results show that internal friction angle 
may differ between 20° and 40°. (Brandl, 1995) 
According to the United Nations, use of fly ash as a construction material causes an 
increase of radiation between 1.3 ~ 2.9 % on humans which is an insignificant 
danger for human health. (Akman and Ilhan, 1997) 
2.1.3.2. GEOTECHNICAL USAGE OF FLY ASH 
Fly ash is used in many ways such as; 
- Fills behind earth retaining walls 
- Road fills constructed over weak soils 
- Base and sub-base fills in road construction 
- For stabilizing angles of fill slopes 
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- For reducing lateral earth pressure to bridge abutments 
- Soil injection material 
- In soil improvement 
- In soil stabilization 
- For reducing swelling pressure of swelling soils 
- Lightweight fill material 
2.2. USED TIRES 
Recycling of used tires is a major issue for environmental preservation of developed 
countries. ASTM D8 – 02 Standard Terminology Relating to Materials for Roads and 
Pavements defines used tires and ASTM D6270 – 98 Standard Practice for Use of 
Scrap Tires in Civil Engineering Applications gives standards for laboratory testing 
of used tire shreds. In the US, 300 millions of used tires are disposed off each year 
and only 17 percent of these are burnt. Table 2.8 shows the quantification of used tire 
disposal in 1990 in Turkey. Approximately 3 millions of used tires are stockpiled in 
US. (EPA, 2008) In 1999, a massive fire which was ignited by a lightning burned the 
stockpiled used tires in California. The fire burnt nearly 7 millions of used tire and 
caused a release of 105 metric tons of toxic benzene smoke to air. (Aguila, 2000) 
Even developing countries such as Turkey, suffer from pollution of used tires. In 
Turkey, 2.6 percent of total waste materials are formed from used tires. (MEFRT, 
2008) Recycling of used tires gives ability to reduce total area used for stockpiling, 
to reduce danger of fire and to protect environment. 
 
 
 
 
 
 
 
12 
 
Table 2.8 Quantification of Used Tire Disposal in 1990 in Turkey (CIWMB, 1992) 
Usage Light Duty Tires  (%) 
Heavy Duty Tires  
(%) 
Stockpiled 62 20 
Recycled 5 5 
Retreaded 5 50 
Exported 7 5 
Combusted 10 0 
Used in Cement Industry 7 0 
Other 4 20 
Various types and sizes may be gained from disposed tires with the help of several 
equipments. Types and sizes of used tires such as whole, shredded, chipped or 
granulated, depend on which type of machine is used. Figure 2.1, Figure 2.2 and 
Figure 2.3 show several types of machines used for used tire recycling preparation 
process. 
 
Figure 2.1 Used Tire Granulator (TWE, 2008) 
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 Figure 2.2 Used Tire Shredder (TWE, 2008) 
 
Figure 2.3 Used Tire Chipper with Classifier (TWE, 2008) 
Used tires are used in civil engineering in several areas such as improving shear 
strength of clay liners as absorbing material in petroleum contaminations, in 
preventing cracks caused by differential settlement, by adding to drainage systems, 
erosion prevention layers, concrete and asphalt aggregates. They are also used in 
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constructing earth retaining structures with whole tires, as noise barrier walls for 
highways, in making artificial reefs and boat fenders, and in scouring protection 
beneath bridge abutments. 
Elasticity, strength, toughness and high resistance to friction are some of the 
properties of used tires which are considered as an advantage. They have been used 
successfully in road embankments over weak soil and as lightweight fill waste 
material, since they reduce weight and lateral earth pressure to retaining walls. Used 
tires can be used as drainage material, and also as thermal and sound insulation 
material in geotechnical engineering. They also help in reducing frost heave 
problems in freeze thaw situations and can be used as a protection layer from frost 
deformation in asphalt covers. (Bosscher et al, 1997) Usage of whole used tires in 
fills over weak soils reduces settlement and increases stability. However, these are 
not biodegradable and they allow drainage. (Humphrey and Manion, 1992) 
Bulk material and geotechnical engineering properties of used tires are studied 
excessively in recent years. Used tires can be classified as whole, cut, scrapped and 
chipped. Variations of types of used tires and tire shredders effect properties of the 
used tires. Specific gravity of used tires varies between 1.08 ~ 1.27 gr / cm3. 
(Humphrey and Manion, 1992; Foose et al, 1996; Edil and Bosscher, 1994; Wu et al, 
1997; Tatlisoz et al, 1998; Youwai and Bergado, 2004; Yang et al, 2002; Zornberg et 
al, 2004; Ahmed, 1993) Average water absorption capacity of used tires ranges from 
2 to 4.3 %. (Humphrey et al, 1992) Type of compaction, applied load and used tire 
type effect the bulk density of them which varies between 450 ~ 800 kg / m3. 
(Westerberg and Macsic, 2001; Wu et al, 1997; Humphrey et al, 1997) 
Vibratory compaction of used tire chips is found ineffective for increasing unit 
weight. (Edil and Bosscher, 1992) Maximum density of used tire chips can be 
reached with low compaction energy. (Ahmed and Lovell, 1993) Used tire chips 
have non linear elastic and plastic compaction characteristic. (Edil and Bosscher, 
1994) Compressibility of used tire chips is as high as 30 % under moderate confining 
stress. (Wu et al, 1997) Cyclic loading tests show that compression is mostly plastic 
and significant decreases are noted with increasing stress levels. However, 
preloading of used tire shred fills is hugely effective for reducing settlement. 
(Humphrey and Manion, 1992; Edil and Bosscher, 1994) In design process, one 
meter thick soil cap which is sufficient enough for preloading must be included in the 
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design. (Bosscher et al, 1992; Humphrey and Manion, 1992) On the other hand, 
addition of sand by 40 % of the volume to used tire shred fill reduces compressibility 
approximately by 20 %. (Edil and Bosscher, 1994) 
Poisson ratio of used tires differs between 0.17 and 0.45. (Manion and Humphrey, 
1992; Humphrey et al, 1992; Drescher and Newcomb, 1994; Edil and Bosscher, 
1992; Yang et al, 2002) Average Poisson ratio is 0.28. (Yang et al, 2002) Porosity of 
used tire chips, their size, applied pressure and their void ratio effect the stiffness. 
(Bosscher et al, 1997) Young modulus of used tires varies between 0.77 to 1.25 MPa. 
(Humphrey et al, 1993) It increases with growing confining pressure. (Yang et al, 
2002) As a result of the layered structure, in plane Young modulus is greater than out 
of plane Young modulus. (Heimdahl and Drescher, 1999) 
Shear strength is due to interlocking and friction between used tire chips, and it 
increases with growing displacement unlike the shear strength of soil. Peak shear 
strength could only be reached at 20 % of total displacement. As a result, possible 
limit deformation criteria is eligible for the shear strength of used tire shreds. 
(Ahmed, 1993) Internal friction angles of used tires vary between 6° to 60° while 
cohesion intercepts range from 0 to 82 kPa. (Humphrey et al, 1993) After loading, 
creep occurs in couple of days however small percentage of total creep continues for 
a year or more. (Heimdahl and Drescher, 1998) 
Thermal conductivity of used tire shreds is 80 percent less than dry sand. (Humphrey 
et al, 1997) At 322° C, combustion occurs and self heating mechanism of used tire 
leads temperature to increase with pyrolysis of rubber. Limiting fill layer depth to 3 
meters, enlarging shred sizes, avoiding penetration of air, water and nutrients and 
using shreds with less steel cords may allow the obstruction of combustion of used 
tire fills. (Humphrey, 1996) 
Used tire chips have a high hydraulic conductivity as gravel with turbulent flow. 
Hydraulic conductivity of used tire chips is approximately 10-1 cm / s. (Edil and 
Bosscher, 1994) Under below ground level conditions used tire chips have high 
durability. However steel cords may corrode within used tire chips. (Leclercq, 1990) 
Used tires consist of heavy metals with hazardous effect to environment. Leachate of 
harmful heavy metals is very low and is just limited to the trace value. This is why, 
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fills with used tires is accepted as environmentally safe. Table 2.9 shows the 
components of used tires. 
Table 2.9 Used Tire Components (Park et al, 1996) 
Component 
Weight 
(%) 
Styrene Butadiene Rubber 62.1 
Carbon 31.1 
Extender Oil 1.9 
Zinc Oxide 1.9 
Stearic Acid 1.2 
Sulphur 1.1 
Accelerator 0.7 
Unit weight of composite soils with sand and used tire mixtures only depend on how 
much sand is in the mixture. Changes in water content and compaction energy are 
found insignificant for increasing unit weight of used tire and sand mixtures. (Edil 
and Bosscher, 1994) It is found that with increasing percentages of used tire in the 
mixture, compaction energy decreases. (Ahmed, 1993) Plastic compression of used 
tire chips with soil mixtures is 40 % of their initial thickness when loaded. After 40 
% of compression, mixture acts as an elastic material. Mixtures which have 30 % of 
sand have almost the same constrained modulus as pure sand. (Bosscher et al, 1997) 
Sand percentage within the mixture influences the permeability of the mixture 
strongly and 30 % of sand is reached, hydraulic conductivity of the mixture 
decreases dramatically. (Edil and Bosscher, 1994) Shear strengths of mixtures are 
found to be greater than those of sand. Internal friction angles of composite soils 
differ between 25° to 41°. On the other hand, cohesions of mixtures vary between 0 
to 30 kPa. (Foose et al, 1996) Randomly mixed used tire chips increase the shear 
strength of sand with the decrease of used tire chips in weight. (Ahmed, 1993; Edil 
and Bosscher, 1994; Foose et al, 1996; Lee et al, 1999; Tatlisoz et al, 1998; Zornberg 
et al, 2004) Strength of composite soils increases up to 40 % by weight of used tire 
chips. Volume change of composite soil with 35 % used tire shred content, is initially 
contractive then dilation occurs while volume changes of composite soils with higher 
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used tire shred content is fully contractive. Improvement of the shear strength of sand 
used tire mixture is only significant under low confinement stresses. Larger chip 
sizes result in higher deviator stresses. (Ahmed, 1993) Shear strength envelope of 
used tire chips and sand mixtures are non linear. (Foose et al, 1996) Shear modulus 
of soil mixture with granulated rubber is strongly influenced by rubber percentage 
within the mixture. Therefore, granulated rubber soil mixtures may be used as a 
damping system to reduce vibration. (Feng and Sutter, 2000; Erdincliler et al, 2004) 
Dry unit weight of composite soils with fine grained soils and used tire shreds, 
decreases almost 90 % with respect to the addition of used tire chips. (Al Tabbaa and 
Aravinthan, 1998) Optimum water content of mixtures with clay or silt and used tire 
chips, remains constant as the used tire chip content increases. (Al Tabbaa and 
Aravinthan, 1997; Al Tabbaa et al, 1997; Black and Shakoor, 1997) Unconfined 
compression strength of clay increases by 30 % when used tire shreds are added. 
(Baykal and Alpatli, 1995; Sarica, 2001) However, it decreases with the inclusion of 
angular used tire shreds. (Lyons et al, 1995; Black and Shakoor, 1997; Al Tabbaa 
and Aravinthan, 1998; Al Tabbaa et al, 1997) Undrained cohesion of composite soil 
with clay and used tire shreds is higher than pure clay. (Sarica, 2001) 10 percent of 
rubber added by weight increases void ratio, although, does not effect the hydraulic 
conductivity of clay when it is exposed to water. (Ozkul, 1998; Alpatli, 1992) 
However, when it is exposed to petroleum or paraffin decreases void ratio of the 
mixture. (Ozkul, 1998; Al Tabbaa and Aravinthan, 1998) 
2.2.1. GEOTECHNICAL PROPERTIES OF USED TIRES 
Used tire scraps are generally straight, irregular, thick and short. They may also 
include metal cord pieces. Dimensions of used tire scraps varies between 2.5 to 46 
cm. Table 2.10 shows European (ETRA) and American (ASTM) designations of 
classification for used tire particles. Figure 2.4 shows the dimensions of used tire 
shreds. Figure 2.5 presents the particle size distribution of used tire chips and shreds. 
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 Figure 2.4 Comparison of Sizes of Used Tire Shreds with Gravel (Mc Isaac and 
Rowe, 2005) 
 
Figure 2.5 Particle Size Distribution Curves of (a) Used Tire Chips and (b) Used 
Tire Shreds (Moo Young et al, 2003) 
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Table 2.10 Designations of Used Tire Particles (ETRA, 2002; ASTM, 1998) 
Standard Classification 
Size 
(mm) 
ET
R
A
 C
W
A
 1
42
43
 Fine Powder < 500 μm 
Powder < 1 
Granulate 1 ~ 10 
Chip 10 ~ 50 
Shred 50 ~ 300 
A
ST
M
 D
62
70
 - 
98
 
Granulate 425 μm ~ 12 
Ground Rubber 425 μm ~ 2 
Chip 12 ~ 50 
Shred 50 ~ 305 
Rough Shred 50 X 50 X 50 < 762 X 50 X 100 
Average loose density of used tire scraps depends on the size of particles. Average 
dense density of used tire scraps ranges between 6.5 to 8.4 kN / m3. (Read et al, 
1991) Table 2.11 shows bulk densities of used tire shreds. Used tire chips are thinner 
than used tire scraps and are uniform. Range of dimensions of used tire chips is 1.3 
to 7.6 cm. Minimum unit weight of used tire chips differs between 3.2 and 4.9 kN / 
m3 and maximum unit weight differs between 5.7 to 7.3 kN / m3. Bulk unit weight of 
used tire shreds is affected by compaction level, applied load, size of shreds and 
amount of steel cords. (Edeskar, 2004) Table 2.12 presents specific gravities of 
different used tire particles. Uniformity coefficient of used tire shreds is equal to 2.14 
while coefficient of gradation is equal to 1.26. (Cecich et al, 1996) 
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Table 2.11 Bulk Unit Weight of Used Tire Shreds (Westerberg and Macsic, 2001; 
Wu et al, 1997; Humphrey et al, 1997) 
Surcharge 
(kPa) 
Bulk Unit Weight 
(kg / m3) 
Size 
(mm) 
0 440 ~ 450 50 X 50 
30 ~ 50 500 ~ 700 50 X 50 
400 810 ~ 990 50 X 50 
0 505 ~ 600 < 38 
0 620 38 
9 690 38 
18 730 38 
0 580 ~ 630 51 
9 660 ~ 690 51 
18 700 ~ 730 51 
0 630 ~ 640 76 
9 720 ~ 730 76 
18 780 ~ 790 76 
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Table 2.12 Specific Gravities of Different Used Tire Particles (Humphrey and 
Manion, 1992; Humphrey and Eaton, 1993; Foose et al, 1996; Edil and Bosscher, 
1994; Wu et al, 1997; Tatlisoz et al, 1998; Youwai and Bergado, 2004; Yang et al, 
2002; Zornberg et al, 2004; Ahmed, 1993) 
Used Tire Type Size (mm) Gs 
Steel and Glass Belted - 1.05 
Steel Belted 30 ~ 110 1.08 ~ 1.36 
Glass Belted - 1.02 ~ 1.14 
Steel and Fibre Reinforcement 
Mixture 6 ~ 150 1.13 ~ 1.36 
Without Metal - 1.15 
Flat Shreds 10 ~ 38 1.11 
Granular 0.3 ~ 19 1.08 ~ 1.18 
Elongated Shreds 0.3 ~ 9.5 1.18 
Powder 0.1 ~ 2 1.12 
Without Steel Belts - 1.15 
Without Protruding Wires 13 ~ 50 0.88 ~ 1.13 
Used tire chips can absorb 2 to 3.8 % of water. (Humphrey and Eaton, 1993) While, 
used tire shreds could absorb 2 to 4.3 % of water. (Humphrey et al, 1992) Table 2.15 
presents the results of three different compaction tests done on used tire chips. Dry 
unit weight of used tire chips is not affected by compaction energy. (Humphrey and 
Manion, 1992) Void ratio of used tire shreds vary between 0.62 and 0.96, and 
decreases significantly as the stress increases. (Edeskar, 2004) Table 2.14 shows 
elasticity parameters of used tire chips and 1 psi equals to 6.89 kPa. The modulus of 
elasticity E, increases with growing confining pressure and could be approximated 
by the quadratic curve given in Equation 2.1. (Yang et al, 2002) In plane Young 
modulus of used tire shreds is three times greater than the out of plane modulus due 
to anisotropy. (Heimdahl and Drescher, 1999) Compaction and high overburden 
pressure may cause large size shreds to rearrange and form a layered structure. The 
response of this structure to external loads can be modelled, to the first degree of 
approximation, as that of an anisotropic, transversely isotropic (cross anisotropic) 
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elastic material. Constrained plane stress and one dimensional compression tests can 
be used to determine the in plane and the out of plane Young’s modulus and 
Poisson’s ratios for the anisotropic material. However, the out of plane shear 
modulus cannot be determined from these tests, and a pure shear (torsion) test is 
required. An alternative is to determine the approximate value of the shear modulus 
from a theoretical model of layered material. Experiments in a biaxial apparatus 
revealed that large size tire shreds display elastic anisotropy. Considering elastic 
anisotropy of large size tire shreds may not be warranted if the road or embankment 
design is based on maximum settlements; the prediction based on assuming an 
isotropic material gives a safe estimate of the settlements of an anisotropic material. 
However, it should be stressed that calculating settlements on the basis of linear, 
small strains, and elasticity theory may not be accurate if used tire shreds deform 
excessively. (Heimdahl and Drescher, 1999) Figure 2.6 shows the relationships 
between used tire shreds and compaction, and hydraulic conductivity while Figure 
ility of various sizes of used tire shreds. 2.7 shows the compressib
ܧ  ൌ 13,2 ߪଷ െ  0,019 ߪଷଶ       (2.1) 
Table 2.13 Compaction Test Results of Used Tire Chips (Humphrey and Manion, 
1992) 
Test 
Energy per Unit 
Volume 
(kJ / m3) 
Number of 
Blows 
Dry Unit 
Weight 
(kN / m3) 
Modified Proctor 2694.4 330 6.44 
Standard Proctor 592.8 73 6.28 
60 % Standard Proctor 355.7 44 6.28 
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Table 2.14 Elasticity Parameters of Used Tire Chips (Humphrey and Manion, 1992) 
Test 
Poisson Ratio Young Modulus 
< 25 psi > 25 psi 
Initial 
Gradient 
(psi) 
Secant 
(psi) 
εv = 10 
% 
εv = 20 
% 
I 0.25 0.54 18.0 25.1 50.0 
II 0.39 0.50 3.4 9.0 14.4 
III 0.29 0.49 12.9 21.6 37.3 
Average 0.32 0.51 10.7 18.1 32.7 
 
Figure 2.6 Relationships between Used Tire Shred Sizes and (a) Compaction and (b) 
Hydraulic Conductivity (Moo Young et al, 2003) 
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 Figure 2.7 Compressibility of Various Sized Used Tire Shreds (Moo Young et al, 
2003) 
Strength of used tire chips depends on size and shape of chips. Internal friction angle 
differs between 19° and 26° while cohesion values range from 4.3 to 11.5 kPa. 
(Humphrey et al, 1993) At low displacements, rolling and deformation of the 
individual particle lead to lower internal friction angles of used tire shreds. (Edeskar, 
2004) Table 2.15 presents results of direct shear test results carried on used tire 
shreds with various sizes. Stress to strain curves derived from direct shear tests of 
used tire shreds are non linear, and if minimum volume is used as the failure criteria, 
then the Mohr Coulomb failure envelope will have an internal friction angle of 41° 
with no cohesion. (Yang et al, 2002) Cohesion in used tire shreds is observed only in 
greater shred sizes with metal cords. (Humphrey et al, 1993) Table 2.16 shows 
triaxial test results of used tire shreds. In full scaled field trial tests, it was observed 
that horizontal stress of used tire shreds increase with growing surcharge. (Tweedie 
et al, 1998) Figure 2.8 shows internal friction angles for used tire shreds. As the 
percentage of silty sand in a mixture with used tire shreds increases, the strength 
increases and deformation due to isotropic compression decreases. Deformations 
reduce significantly when silty sand in the mixture is more than 30 %. (Bergado and 
Youwai, 2002) Used tire granulates show a linear load compression behavior which 
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is comparable to the non linear behavior and early peak shear strength of sand. Load 
compression behavior of used tire shreds may be improved by mixing them with 
sand and the level of improvement depends on the amount of sand used. (Karmokar 
et al, 2002) 
Table 2.15 Direct Shear Test Results of Used Tire Shreds (Humphrey et al, 1993; 
Foose et al, 1996; Yang et al, 2002; Westerberg and Macsic, 2000; Masad et al, 
1996) 
Maximum 
Size 
(mm) 
Density 
(kg / m3) 
Normal 
Stress 
(kPa) 
Cohesion 
Intercept 
(kPa) 
Internal 
Friction Angle 
(°) 
Criteria of Failure 
Stress 
50 ~ 150 - 1 ~ 76 3.0 30.0 Peak or at 9 % Displacement 
76 608 17 ~ 63 11.5 19.0 - 
51 630 17 ~ 68 7.7 21.0 Peak or at 10 % Displacement 
38 606 17 ~ 62 8.6 25.0 - 
12 - 20 ~ 400 0 19.5 ~ 33.6 Peak 
10 573 0 ~ 83 0 32.0 10 % Displacement 
0.1 ~ 4.75 - - 70 ~ 82 6 ~ 15 10 ~ 20 % Displacement 
 
Figure 2.8 Internal Friction Angles for Different Used Tire Shred Sizes (Moo Young 
et al, 2003) 
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Table 2.16 Triaxial Test Results of Used Tire Shreds (Benda, 1995; Ahmed, 1993; 
Masad et al, 1996; Wu et al, 1997; Bressette, 1984; Lee et al, 1999; Yang et al, 2002) 
Maximum 
Size 
(mm) 
Unit 
Weight 
(kg / m3) 
Confined 
Pressure
(kPa) 
Failure Criteria 
10 % Strain 20 % Strain Maximum - 
c 
(kPa) 
Ø 
(°) 
c 
(kPa) 
Ø 
(°) 
c 
(kPa) 
Ø 
(°) 
c 
(kPa) 
Ø 
(°) 
51.00 596 ~ 598 - - - - - - - 
25.9 
~ 
31.6 
14.0 
~ 
21.0
38.00 589 35 ~ 55 0.0 21.1 0.0 35.5 0.0 57.0 - - 
30.00 630 28 ~ 193 - - - - - - 7.6 21.0
25.00 632 ~ 675 31 ~ 307 
22.1 
~ 
25.4 
12.6 
~ 
14.6 
33.2 
~ 
39.2 
22.7 
~ 
25.3 
- - - - 
19.00 562 35 ~ 55 0.0 21.4 0.0 34.1 0.0 54.0 - - 
13.00 619 36 ~ 199 22.7 11.2 35.8 20.5 - - - - 
10.00 573 23.4 ~ 84.1 21.6 11.0 37.7 18.8 - - - - 
9.50 495 ~ 588 35 ~ 55 0.0 
17.2 
~ 
20.6 
0.0 
31.2 
~ 
32.1 
0.0 
47.0 
~ 
60.0 
- - 
4.75 624 150 ~ 350 70.0 6.0 82.0 15.0 - - - - 
2.00 523 35 ~ 55 0.0 25.8 0.0 36.0 0.0 45.0 - - 
Permeability coefficient of used tire chips vary between 1.5 to 15 cm / s. (Humphrey 
et al, 1993) Time dependant settlement such as creep behavior of used tire shred fills 
continues for several years. (Humphrey and Manion, 1992) Most of the creep occurs 
in several days, and then the rest of the creep continues for several years under both 
constrained and unconstrained conditions. (Heimdahl and Drescher, 1998) Under a 
cyclic loading of 225 kPa for 1000 cycles, used tire chips and sand mixtures exhibit 
2.04 % strain. Beyond these loadings further changes in strain is very small. The 
triaxial compression tests show that initial tangent modulus and the secant modulus 
increase linearly with confining pressure. Values of each modulus decrease with an 
increase in used tire chip content, the decrease is marginal under low confining 
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pressure and significant under the highest confining pressure. From the drained 
triaxial test results it could be concluded that the general stress strain behaviour of 
used tire chips and sand mixtures is similar to that of sand. There is some 
improvement in the strength of used tire chips and sand mixtures when more sand is 
included. As a result, it has been found that used tire chips and sand mixtures which 
have up to 20 % used tire chips behave like gravel and sand mixtures. Also the 
compressibility of the mixture increases when the used tire chips content is more 
than 20 %. When this behaviour is considered, the use of used tire chips and sand 
mixture is advantageous in the construction of highway embankments up to a height 
of 10 m. Thus their replacement as a conventional fill material is important in terms 
of their usage as waste tires. (Venkatappa Rao and Dutta, 2006) 
Used tire chips consist of natural and synthetic rubber, carbon, sulphur, polymers, 
oil, paraffin, pigments and metal cords. (Schnormeier, 1992) Used tire shreds are 
combustible at temperatures above 322° C. Self heating mechanism of used tire 
shreds is due to accumulation of heat caused by exothermic oxidizing of steel cords 
with oxygen and to pyrolysis of rubber component under anaerobic conditions. 
(Humphrey, 1996) Combustion energy of used tire chips ranges between 28,000 to 
35,000 kJ / kg. (Schnormeier, 1992) Used tire chips have high insulation 
characteristics and their thermal conductivity varies between 0.195 to 0.318 W / mK 
for unit weights from 0.58 to 0.79 t / m3. (Humphrey et al, 1997) 
Degradation of vulcanized rubber within used tire shreds is insignificant. No serious 
deterioration of rubber within used tire shreds occurs even if they are submerged to 
seawater for several years. (Ab Malek and Stevenson, 1986) Used tire shreds consist 
of hazardous heavy metals, poly nuclear aromatic hydrocarbons, metals and arsenic. 
Table 2.17 presents potential pollutant components of used tire shreds. Raw leachate 
tests of used tire shreds show insignificant increase in several concentrations of pH, 
cyanide, sulfide, arsenic, barium, cadmium, chromium, lead, mercury, selenium and 
silver. (JLT, 1989; DPPEA, 2008) Leachate of used tire granulates is very low under 
groundwater conditions with neutral or alkaline pH values. (Westerberg and Macsic, 
2001) Poly nuclear aromatic hydrocarbons are less in concentration within used tire 
shreds than used tire granulates with neutral pH values. (Aaboe et al, 2002; 
Westerberg and Macsic, 2001; Edeskar, 2004) Leachate of these hydrocarbons 
increases with surface area, acidity and alkalinity of used tires. (Edeskar, 2004; 
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Westerberg and Macsic, 2001; Engstrom and Lamb, 1994) Under groundwater table, 
concentration of poly nuclear aromatic hydrocarbons in used tire shreds increases 
insignificantly. (Humphrey and Katz, 2000) Leachate concentration of phenols which 
are harmful to human health such as biphenyl and nonylphenol is as low as 50 μg / l. 
(Aaboe et al, 2002; Zelibor, 1991) Use of newly disposed tire shreds is preferable to 
stockpiled used tire shreds because of less corrosion. (O Shaughnessy and Garga, 
2000) Leachate of used tire shred components under sea water conditions is not 
lethal to sea life. (Abernethy, 1994) However, zinc compounds of used tire shreds 
can be toxic to sea life. (Nelson et al, 1994; Liu et al, 2000) Used tire shreds have the 
capability of absorption of several compounds such as xylene, ethyl benzene, 
toluene, trichloroethylene, trichloroethane, chloroform and methylene chloride. (Kim 
et al, 1997) 
The shape and size of used tire shreds, and that they have relatively high 
compressibility, result in a pore structure which differs significantly from gravel. The 
compressible nature of used tire shred material under vertical loads result in 
numerous narrow confined pathways and voids which connect isolated larger pores. 
The gravel has large relatively uniform voids. Differences in the pore structure of 
used tire shreds and gravel have a significant impact on the extent of clogging and 
relative performance of the different drainage materials. The lower initial porosity 
combined with the more complex pore structure result in substantially faster clogging 
in used tire shreds than in the gravel. (Mc Isaac and Rowe, 2005) 
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Table 2.17 Potentially Pollutant Components of Used Tire Shreds (UNEP, 2000; 
Westerberg and Macsic, 2001) 
Hazardous Heavy Metals Poly Nuclear Aromatic Hydrocarbons Metals 
Group 
Concentration 
by Weight  
(%) 
Group Concentration(mg / kg) Name 
Concentration
(mg / kg) 
Copper 
Compounds 0.002 Naphthalene 0.55 Arsenic < 9.95 
Zinc 
Compounds 1.000 Acenaphtalene 5.60 Cadmium < 1.99 
Cadmium < 0.001 Acenaphten 0,30 Cobalt < 1.99 
Lead 
Compounds < 0.005 Fluorene < 0.15 Chromium < 1.99 
Stearic 
Acid 0.300 Phenanthrene 4.30 Copper 32.10 
Halogen 
Butyl 
Rubber 
< 0.100 Anthracene 0.83 Iron 452.00 
    Fluoranthene 4.30 Manganese 3.51 
    Pyrene 17.00 Nickel < 1.99 
    Benzoanthracene 8.50 Lead < 9.95 
    Chrysene 6.00 Zinc 174.00 
    Benzofluoranthene 5.80     
    Benzopyrene 3.00     
    Dibenzanthracene < 0.47     
    Benzoperylene 6.00     
    Indenopyrene 0.21     
2.2.2. GEOTECHNICAL USAGE OF USED TIRES 
In highway construction, it is very efficient to use used tire chips as a fill material to 
reduce the total weight. (Humphrey and Nickels, 1997) Special layer of geotextiles 
can be used to reduce the weight of fill when used tire chips are used. Covering used 
tire chip fills with a soil layer reduces the danger of combustion. (Bosscher et al, 
1997) Deformations induced by vehicles can be reduced if used tire chips are used as 
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sub-bases for roads. The deformation of road cover is effected by the thickness and 
elasticity modulus of the sub-base. (Humphrey and Manion, 1992) Sand and used tire 
chip mixtures are more resistant to deformations when compared to used tire chip 
fills. Also, used tire chip clay mixtures have lower elasticity modulus than clay. 
Rigidity of soil used tire chip mixtures depend on porosity, used tire shred size, 
applied load and soil presence within voids. (Bosscher et al, 1997) Composite soils 
with used tire chips have low porosity and low compressibility rather than soil. Fine 
grained soil used tire chip mixtures have less compressibility than used tire chips, but 
more than the granular soil used tire chips mixtures. (Edil, 2002) Heavy metal levels 
are well below the standard limits described by EPA for secondary drinking water. 
(IDEM, 2008) No evidence of internal heat generation was detected in the fills and 
floating of used tire shreds in a soil matrix is necessary to prevent self ignition. Slope 
stability, cracking of road pavement due to differential settlement and erosion of 
embankment is prevented by using used tire shreds and sand. Usage of used tire 
shreds in embankments is advantageous as they are lighter, relatively cheaper, easily 
compactable, relatively incompressible and they have free drainage. Also, this use is 
beneficial to the environment as a waste material is recycled. (Yoon et al, 2005) 
Figure 2.9 shows the optimization of void ratio of used tire chip sand mixtures. 
Figure 2.10 gives a simple cross section of a used tire shred sand mixture 
embankment. Shredded used tires, and mixtures of sand and used tire shreds can be 
used as soil reinforcement in highway fills, in leachate collection systems on steep 
slopes and other applications where strong and lightweight fill is needed. (Foose et 
al, 1996) Frost penetration in used tire shred embankments are deeper than in natural 
ground because of low water content and presence of large voids in used tire shreds. 
(Shalaby and Khan, 2002) 
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 Figure 2.9 Illustration of Void Ratio Optimization in Used Tire Chips and Sand 
Mixtures (Yoon et al, 2005) 
 
Figure 2.10 Cross Section of Used Tire Chips and Sand Mixture Embankment 
(Yoon et al, 2005) 
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Tire bales can be used to form an embankment over weak soils as they are 
sustainable for preservation of environment, recycling, cost reduction and 
improvement of economy. Used tire bales may be used as a floating or buried fill 
under roads as a lightweight waste fill material, under pavements as a sub-base and 
as a drainage material under roads. (Winter, 2008) 
In the construction of lightweight fills behind retaining walls, used tire chips or used 
tire chip soil mixtures are perfect to use as the strength of the fill increases and 
deformations decrease. (Bergado and Youwai, 2002) Table 2.18 gives dry unit 
weights of silty sand used tire chip mixtures. Earth pressure coefficient of used tire 
shred fills decrease as the outward rotation of retaining wall increases. When rotation 
is held constant for a period of time, horizontal stress increases due to creep and 
stabilizes within several days. At a rotation of 0.01 times the height of retaining wall 
and a surcharge of 35.9 kPa, horizontal stress for used tire shred fill after several 
days allow creep to occur which is 35 % less than that expected for active conditions 
for conventional granular fills. Earth pressure coefficient is not dependant on used 
tire shred size and the amount of exposed steel cords of used tire shreds. (Tweedie et 
al, 1998; Humphrey and Tweedie, 2002) Strength of used tire chips and sand 
mixtures is usually adequate to use as a lightweight backfill of retaining walls. Used 
tire chips and shreds show a nearly linear relationship at confining stresses. Volume 
change is also nearly linear, except at the lowest confining stress, for which a 
constant volume condition is reached at large axial strains. Mixtures of sand and used 
tire chips show a behavior in between those of just sand and just used tire chips. 
Finite element analyses produce reasonably good estimates of deformations and 
stresses for used tire shred backfills at rest condition, while they show overestimate 
the active condition. In addition, finite element analyses show that the performance 
of composite soils with used tire shreds and sand compare well to sandy gravel, as a 
backfill material. (Lee et al, 1999) 
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Table 2.18 Dry Unit Weights of Silty Sand and Used Tire Chips Mixtures (Bergado 
and Youwai, 2002) 
Used Tire Chips to Sand Ratio 
by Weight 
Pressure 
(kN / m2) 
Average Dry Unit Weight 
(kN / m3) 
0 / 100 
50, 100, 200 
17.32 
20 / 80 15.07 
30 / 70 14.19 
40 / 60 12.93 
50 / 50 11.65 
100 / 0 6.83 
When used tire derived aggregates substitute conventional aggregates, they exhibit 
high degrees of both immediate and time dependent compression. The magnitude of 
immediate compression of used tire derived aggregates and used tire derived 
aggregate composites is a function of used tire particle size, content and applied 
stress, whereas time dependent compression is largely a function of used tire derived 
aggregate content and time. Immediate compression of used tire derived aggregates, 
which results from the reduction of pore volume, increases with used tire derived 
aggregate content and tire particle size. Both applied stress and used tire particle size 
have an insignificant effect on time dependent compression. With proper 
consideration of time dependent settlement, used tire derived aggregates and used 
tire derived aggregate composites are appropriate for use in projects whose long term 
performance and serviceability are affected by deformation. For cases where time 
dependent settlement is excessive, one or more approaches may be employed to 
minimize its effects. These include specifying a minimum time period between used 
tire derived aggregate placement and construction of settlement sensitive 
components, preloading or surcharging used tire derived aggregate layer over a 
specified time period, soil augmentation, reducing the height of used tire derived 
aggregate layer, reducing the used tire derived aggregate layer from full height to 
zero over some distance and installation of structural appurtenances to help mitigate 
possible differential settlement at points of transition or interface with used tire 
derived aggregate layer. (Wartman et al, 2007) 
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When used tire fibers are used in mixtures with weak soils, characteristic properties 
of weak soils such as clay are improved, however contribution of these to the 
strength of clay decreases with increasing levels of confinement. A limiting 
confining stresses of 200 and 300 kPa exists, beyond which the presence of used tire 
fibers tend to degrade the strength of the clay. Composite soil with used tire fibers 
and clay has adequate strength at stresses below the limiting confining pressure. 
When confinement stresses are below this limit value and drained conditions prevail, 
the peak strength of the composite soil is higher and occurs at greater strains, and has 
higher post peak strength when compared to that of clay. When subjected to 
undrained loading, composite soil has higher peak strengths, and show faster strength 
development compared to clay. Composite soil should not be used at stresses 
exceeding the limiting confining stresses. When confinement is above the limiting 
stress and drained loading conditions prevail, the peak strength of composite soil is 
not only lower than that of clay, but develops more slowly. When undrained loading 
conditions prevail, the peak strength of composite soil is lower and post peak 
strength losses are greater. Hydraulic conductivity of clay does not change 
significantly due to the inclusion of used tire fibers. Shearing to large strains can 
cause increases in the hydraulic conductivity of clay and composite soils if paths of 
lower flow resistance, such as slip planes or zones of strain localization develop. The 
associated increases in hydraulic conductivity are generally less than an order of 
magnitude for clay, but may be higher in the case of the composite soil. Strength of 
fully saturated used tire fibers under drained or undrained loading, are higher than 
those of clay provided that a certain limiting level of confinement is not exceeded. In 
addition, deformation behavior of the clay significantly changes due to the inclusion 
of used tire fibers. (Ozkul and Baykal, 2007) Figure 2.11 shows used tire fibers and 
Figure 2.12 shows the cross sections of composite soil with used tire fibers and clay. 
Figure 2.13 presents the idealized model for deformation and failure mode of 
composite soil with used tire fibers and clay suggested by Ozkul and Baykal. 
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 Figure 2.11 Used Tire Fibers (Ozkul and Baykal, 2007) 
 
                               (a)                                                               (b) 
Figure 2.12 (a) Vertical and (b) Horizontal Cross Sections of Composite Soil with 
Used Tire Fibers and Clay (Ozkul and Baykal, 2007) 
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 Figure 2.13 Idealized Model for Deformation and Failure Mode of Composite Soil 
with Used Tire Fibers and Clay (Ozkul and Baykal, 2007) 
When whole used tires are used, sand and sand reinforced by these have more than 
twice the bearing capacity of loose sand. Improvement in bearing capacity due to 
whole used tires decreases with the increase of density. Settlement reduction due to 
whole used tire reinforcement with combination of treads and sidewalls is as much as 
about 70 % for loose sand and 34 % for dense sand. Bearing capacity increases with 
the decrease of embedment depth of whole used tires. Whole used tire mat should be 
reinforced to the depth which equals to 0.8 times the width of the load plate to 
improve bearing capacity or to reduce settlements. Size of whole used tire mat 
should be at least five times the width of load plate for full improvement of sand. 
Combination of treads and sidewalls result in the greatest improvement in bearing 
capacity. (Yoon et al, 2004) Dilation occurs in sand and used tire shreds mixtures, 
especially when the content of the used tire shreds is more than sand and under 
compaction. Mohr Coulomb failure envelopes of sand and used tire shreds mixtures 
are non linear. Internal friction angles of used tire shreds and sand mixtures increase 
when the optimum used tire shred aspect ratio is used, and under compaction. An 
optimization of aspect ratios of used tire shreds having widths of 2, 3 and 4 cm can 
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increase internal friction angles on average by 25 %. Regardless of compaction level 
and used tire shred contents in mixtures, for a given width, there is a certain length 
which gives the greatest value of the internal friction angle. (Ghazavi and Sakhi, 
2005) Figure 2.14 shows used tire shreds. Figure 2.15 and Figure 2.16 give 
comparisons of shear stress and normal stress behavior, and initial and secondary 
internal friction angles of used tire shreds sand mixtures and sand. Addition of used 
tire shreds by volume increases bearing capacity with respect to used tire shreds 
width and aspect ratio where the aspect ratio is the cross sectional area of inclusions 
reinforcements. (Hataf and Rahimi, 2005) 
 
Figure 2.14 Used Tire Shreds with (a) 3 and (b) 2 cm Width (Ghazavi and Sakhi, 
2005) 
 
Figure 2.15 Comparison of Shear Stress Normal Stress Behavior of Used Tire 
Shreds and Sand Mixtures and Sand (Ghazavi and Sakhi, 2005) 
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 Figure 2.16 Comparison of Internal Friction Angles of Used Tire Shreds and Sand 
Mixtures and Sand (Ghazavi and Sakhi, 2005) 
Temperatures inside used tire chips fills are comparable to the temperatures in solid 
waste landfills and the temperatures are well below the approximate threshold 
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temperature for potential combustion of used tire chips. Presence of insignificant 
quantities of carbon monoxide and the lack of oxygen suggest that a combustion 
hazard is not likely to exist. Leachate collected from used tire chips layer has lower 
inorganic compound, dissolved metal and volatile organic compound concentrations 
than those collected from the gravel layer. Adequate drainage conditions are present 
within used tire chips layers and potential combustion hazard is not present. Used tire 
chips can also be safely used as part of a landfill leachate collection layer, though it 
may not be suitable to place them near drinking water sources. (Aydilek et al, 2006) 
In controlling traffic induced vibration, placement of used tire shreds as embankment 
or foundation bed on soft clay mark the attenuation of vibration with increasing 
Young modulus. In order to increase the effects of vibration control, used tire shreds 
may be used with lower stiffness. Utilization of used tire shreds as foundation bed is 
more effective for traffic induced vibration control than as an embankment. 
(Yasuhara et al, 2002) 
Lightly cemented used tire chips have excellent geotechnical performance under both 
static and dynamic conditions. Interlocking design of construction blocks also allows 
blocks to be self standing with a high degree of internal stability without use of 
mechanical fastening. As a result, retaining and foundation requirements of earth 
structures are reduced. Furthermore, heavy equipment is not required during 
construction phase while construction processes are noise and dust free. Lightly 
cemented used tire chips significantly improve the environmental quality of the 
construction of earth structures. In slope stability, very little cutting and excavation is 
required for construction when used tire shreds are used as a fill. The risk due to 
human modification of slope areas and construction time can also be reduced 
significantly. (Lee et al, 2002) 
2.3. SUMMARY 
Geofoam, bottom ash and burner Slag, fly ash and used tires are some of the most 
important lightweight fill materials. Used tires are advantageous because of their 
high performance and durability as a lightweight fill material. Used tires can be used 
whole, in a bale, scrapped, chipped, shredded or granulated. Used tires do not pollute 
environment and their usage helps to protect the environment and reduce the demand 
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for stockpiling. Used tires can be a very economical solution for fills as they are 
waste materials. 
Used tire granulates are used tire particles which have 1 to 10 mm in width, and have 
specific gravities varying between 1.08 to 1.18 gr / cm3 and have internal friction 
angles varying between 6° to 32°. When used tire granulates are added to sand, they 
decrease the internal friction angle of sand. On the other hand, used tire granulates 
improve properties of weak soils. Used tire granulates are highly flammable, but if 
they are covered with a layer of soil, combustion and fire risks decrease. They are not 
suitable for drainage systems due to their clogging property. Used tire granulates do 
not contain steel cords which have hazardous heavy metals, but contain poly nuclear 
aromatic hydrocarbons from rubber. Poly nuclear aromatic hydrocarbons leachate to 
soil or water is below the limit levels described for drinking water pollution. This 
low leachate used tire granulates are used freely for any fills under or over 
groundwater table level. Finally, used tire granulates have high damping property 
under low frequency vibrations which are caused by traffic loads, machine loads or 
small earthquakes. 
3. DETERMINATION OF PROPERTIES OF USED TIRE GRANULATES, 
SAND AND COMPOSITE SOIL 
In this chapter, results of laboratory experiments are presented. Water content 
determination, natural and dry unit weight determination, particle size distribution, 
direct shear, standard Proctor, constant head permeability, relative density, California 
Bearing Ratio test and unconfined compression tests are performed on sand, used tire 
granulates and composite soil. 
Sand used in this study is from Sakarya province, Turkey. Sakarya province has large 
meadows with several rivers and creeks. Sakarya is highly populated and most of the 
population live and work over alluvial soil. A small proportion of rest of the 
population chooses to make houses and workplaces over dried river or creek beds 
with sandy soil. Only few houses or workplaces are built over strong soils among 
hills. North Anatolian Fault Zone crosses Sakarya province and in 1999 Kocaeli 
earthquake caused a lot of damage here. Sand used in this study is widely found in 
river and creek beds in Sakarya. 
Used tire granulates and shreds used in this study are from one of the three used tire 
regeneration plants of Turkey. Used tire regeneration plants are highly expensive to 
establish in Turkey as used tire recycling machines are too expensive to buy and 
operate. As a result, these plants are hardly established in Turkey, and the ones which 
exist, offer two types of products. One of them is regained metals from the metal 
cords of used tires and the other is the used tire shreds which are only consumed by 
cement factories for extra combustion in ovens. (KAHYA, 2008; NUH, 2008) In this 
thesis, used tire granulates which are also byproducts of used tires are investigated as 
a soil. Used tire granulates used in this study match the standards ETRA CWA 14243 
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Post Consumer Tire Materials and Applications and ASTM D6270 - 98 Standard 
Practice for Use of Scrap Tires in Civil Engineering Applications. 
For preparing composite soil, cement is used as a binding material with water. 
Cement used in this study is composite cement and named CEM V / A (S - P) 32.5 N 
according to the Turkish standard TS EN 197 - 1 Cement Part I: Compositions and 
Conformity Criteria for Common Cements. (TSE, 2008) It has 32.5 N / mm2 strength 
after 28 days of curing. Composite cement is composed of Portland cement clinker, 
mineral additives, gypsum (CaSO42H2O), pozzolana from trass, burner slag and fly 
ash with silica. It is used for casting general use concrete, foundation concrete, 
retaining wall concrete, general mortar and special concrete which contacts sea 
water, acidic environments or mineral salts. (SET, 2008) 
3.1. PARTICLE SIZE DISTRIBUTION 
Different soils with similar properties may be classified into groups and sub groups 
according to their engineering behavior. Classification systems provide a common 
language to precisely express the general characteristics of soils. Currently, two 
classification systems are commonly used by geotechnical engineers. Both systems 
take into consideration the particle size distribution and Atterberg limits. They are 
the American Association of the State Highway and Transportation Officials 
(AASHTO) classification system and the Unified Soil Classification System (USCS). 
The AASHTO classification system is used mostly by state and county highway 
departments. Geotechnical engineers generally prefer to use the USCS. The original 
form of the Unified Soil Classification system was proposed by Casagrande in 1942 
during World War II for use in airfield construction undertaken by the Army Corps 
of Engineers. In cooperation with the U.S. Bureau of Reclamation, the Corps revised 
this system in 1952. USCS is defined by ASTM D - 2487  Standard Practice for 
Classification of Soils for Engineering Purposes (Unified Soil Classification 
System). 
In order to classify soil samples for engineering purposes, finding out the grain size 
distribution is necessary. Therefore sieve analysis and hydrometer analysis are 
conducted. In sieve analysis, the soil sample is sieved with help of a party of sieves 
of decreasing mesh opening sizes to get the grain size distribution curve. Separation 
of determination methods must be clarified with the help of No. 200 sieve. Soil 
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sample that passes from this sieve is analyzed by hydrometer analysis. Hydrometer 
analysis is the procedure to determine the particle size distribution of a soil sample 
finer than 0.075 mm. The lower limit of the particle size determined by this 
procedure is about 0.001 mm. (Das, 2002) In this study, samples are classified with 
respect to USCS. 
Sieve analysis is done on sand, used tire shreds and used tire granulates. Figure 3.1 
shows the particle size distribution curve for these samples. From the results, 
effective size (D10), uniformity coefficient (Cu) and coefficient of gradation (Cc) are 
calculated where D10 is the diameter in the particle size distribution curve 
corresponding to 10 % finer, D30 is the diameter in the particle size distribution curve 
corresponding to 30 % finer, and D60 is the diameter in the particle size distribution 
curve corresponding to 60 % finer. The calculation of Cu and Cc are given by 
Equation 3.1 and Equation 3.2 respectively. (Das, 2002) 
Cu = 
10
60
D
D
   (3.1) 
Cc = 
1060
30
DD
D
⋅
2
   (3.2) 
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 Figure 3.1 Particle Size Distribution Curves of Sand, Used Tire Granulates and Used 
Tire Shreds 
Particle size distribution curves show that: 
- Sand sample is poorly graded sand and can be classified as SP according to the 
USCS 
- Used tire granulates sample is poorly graded sand and can be classified as SP 
according to the USCS 
- Used tire shreds sample is well graded gravel with sand and can be classified as 
GW according to the USCS 
No trace of organic contents is found in each sample. Figure 3.2 and Figure 3.3 show 
the sand and used tire granulates samples used in this study. 
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 Figure 3.2 Sand Sample 
 
Figure 3.3 Used Tire Granulates Sample 
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3.2. DETERMINATION OF SPECIFIC GRAVITY 
Specific gravity is defined as the ratio of the unit weight of a given material to the 
unit weight of water. Specific gravities of samples are presented in Table 3.1. 
Table 3.1 Specific Gravities of Sand, Used Tire Granulates and Used Tire Shreds 
Sample Gs 
Sand 2.66 
Used Tire Granulates 1.10 
Used Tire Shreds 1.23 
3.3. DETERMINATION OF DRY UNIT WEIGHT, NATURAL UNIT 
WEIGHT AND RELATIVE DENSITY 
Dry and natural unit weights of sand, used tire granulates and used tire shreds are 
summarized in Table 3.2. 
Table 3.2 Dry and Natural Unit Weights of Sand, Used Tire Granulates and Used 
Tire Shreds 
Sample γd (kN / m3) 
γn 
(kN / m3) 
Used Tire Shreds 4.10 
Used Tire Granulates 4.66 
Sand 
16.80 - 
- 17.15 
Relative density is defined in Equation 3.3 while Equation 3.4 defines maximum and 
minimum void ratios of soils where Dr is the relative density, emax is the maximum 
void ratio, emin is the minimum void ratio, Gs is the specific gravity, γdmin is the 
minimum dry unit weight and γdmax is the maximum dry unit weight. (Das, 2002) 
 
minmax
max
ee
eeDr −
−=    (3.3) 
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Table 3.3 shows relative densities of sand, used tire granulates and used tire shreds, 
and summarizes the results of tests for classification. Shaded values of void ratio in 
Table 3.3 are real values which are over the theoretical limit 1. Because of the 
elastoplastic behavior of rubber, void ratio of used tire shreds and used tire 
granulates may be over 1 which is the limit for void ratio of soils. On the other hand, 
theoretically void ratio of used tire shreds and used tire granulates may be taken as 1. 
Table 3.3 Relative Density Determination Test Results of Each Sample 
Sample USCS Classification 
γdmin 
(gr / cm3) 
γdmax 
(gr / cm3) Gs emax emin en Dr 
Used Tire 
Shreds GW 0.38 0.56 1.23 2.25 1.18 2.00 24 % 
Used Tire 
Granulates SP 0.43 0.64 1.10 1.53 0.71 1.36 21 % 
Sand SP 1.65 1.80 2.66 0.61 0.48 0.55 44 % 
3.4. STANDARD PROCTOR COMPACTION TEST 
In the construction of highway embankments, earth dams and many other 
engineering structures, loose soils must be compacted to increase their unit weights. 
Compaction increases the strength characteristics of soils, which increase the bearing 
capacity of foundations constructed over them. Compaction also decreases the 
amount of undesirable settlement of structures and increases the stability of slopes of 
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embankments. Smooth wheel rollers, sheep’s foot rollers, rubber tired rollers and 
vibratory rollers are generally used in the field for soil compaction. Vibratory rollers 
are used mostly for the densification of granular soils. Vibroflotory devices are also 
used for compacting granular soil deposits to a considerable depth. Compaction of 
soil in this manner is known as vibroflotation. Standard Proctor compaction test 
results obtained in the laboratory are used primarily to determine whether the roller 
compaction in the field is sufficient. For most fills, the final selection of the borrow 
site depends on such factors as the soil type and the cost of excavation and hauling. If 
the material is too wet, it may be cut and turned to aerate and dry before being spread 
in lifts for compaction. If it is too dry, the desired amount of water is added by 
sprinkling irrigation. (Das, 2002) 
Standard Proctor compaction test is performed on used tire granulates and used tire 
shreds to determine the relationship between the water content and the dry density 
for a specified compaction effort. The optimum water content is the water content 
that results in the maximum dry unit weight for a specified compaction effort. 
Compaction of the soil at water contents higher than the optimum water content 
results in a relatively dispersed soil structure that is weaker, more ductile, less 
pervious, softer, more susceptible to shrinking and less susceptible to swelling than 
soil compacted dry of optimum to the same density. If the soil is compacted lower 
than the optimum water content, it typically results in a flocculated soil structure 
(random particle orientations) that has the opposite characteristics of the soil 
compacted wet of the optimum water content to the same density. 
There are several advantages of compaction such as; detrimental settlements can be 
reduced or prevented, soil strength increases and slope stability can be improved and 
bearing capacity of pavement sub-bases can be improved. The results are 
summarized in Table 3.4. Figure 3.4 and Figure 3.5 show the standard Proctor 
compaction curves for used tire granulates and used tire shreds. Results show that 
both samples need less compaction energy to gain maximum dry unit weight. 
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Table 3.4 Standard Proctor Compaction Test Results of Used Tire Granulates and 
Used Tire Shreds 
Soil Maximum Dry Unit Weight (γdmax) kN / m3 
Optimum Water Content 
(ωopt) 
Used Tire Granulates 4.49 3 % 
Used Tire Shreds 5.52 3 % 
Figure 3.4 Standard Proctor Compaction Curve for Used Tire Granulates 
Figure 3.5 Standard Proctor Compaction Curve for Used Tire Shreds 
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3.5. PREPARATION OF SAND AND USED TIRE GRANULATES 
MIXTURES AND COMPOSITE SOILS 
The last test carried on with used tire shreds is the constant head permeability test 
and further tests are carried on with used tire granulates, sand, sand and used tire 
granulates mixtures and composite soil. This decision is made as it is practically 
impossible to do some of the tests on used tire shreds. There are also many studies 
done on used tire shreds and used tire chips. However, used tire granulates used in 
this study is a different and unique sample. Metal cords and cotton fibers present in 
the used tire shreds increase errors in each test. 
Along with constant head permeability test, direct shear test, unconfined 
compression test and California bearing ratio tests are carried out on different 
samples. Table 3.5 summarizes the laboratory experiments done on each sample. As 
can be seen in the table, ratio of sand and used tire granulates are determined without 
cement or water and the ratio is the volumetric ratio. Composite soil samples which 
consist of sand, used tire granulates, water and cement are also classified. 
Table 3.6 shows the composite soil samples which are casted with reference to 
Turkish standard TS 802 T2 Design Concrete Mixes. In this standard, weakest 
concrete class is the C16, is selected for upper limit for composite soil samples. This 
limitation is chosen as it is easier and practical to determine mixture ratios of sand 
and used tire granulates by volume on field. 
Water to cement ratio for C16 is 0.80 which is the upper limit for water to cement 
ratio for composite soil samples. From this limit, water amount is found for 
composite soil samples. As a result, cement amounts are found for each composite 
soil sample. Finally, by decreasing water and cement volume from the total sample 
volume, needed aggregate volume is found and divided by sand and used tire 
granulates ratio to determine the amount of sand and used tire granulates needed. 
Calculations are made with respect to TS 802 T2 which is given in Table A.1 in 
Appendix A.  
 
Table 3.5 Summary of the Laboratory Experiments Done on Each Sample 
Test 
/ 
Sample 
Particle Size 
Distribution Water Content Specific Gravity 
Relative Density, Dry 
and Natural Unit 
Weight 
Standard Proctor 
Compaction 
Constant Head 
Permeability 
Direct 
Shear 
Unconfined 
Compression CBR 
Sand + + + + +     
Used Tire Granulates + + + + + +     
Used Tire Shreds + + + + +       
Sand and Used Tire 
Granulates Mixtures 
[Sand / Used Tire 
Granulates by Volume] 
90 / 10         + +     
80 / 20         + +     
70 / 30         + +     
60 / 40         + +     
50 / 50         + +     
Composite Soil [Sand / 
Used Tire Granulates by 
Volume] 
90 / 10   +           + + 
80 / 20   +           + + 
70 / 30   +           + + 
60 / 40   +           + + 
50 / 50   +           + + 
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Table 3.6 Composite Soil Samples 
Composite Soil Samples 
Sand / 
Used Tire 
Granulates 
by 
Volume 
Sand 
(gr) 
Used Tire 
Granulates 
(gr) 
Aggregate / 
(Cement + 
Water) by 
Weight 
Water / 
Cement 
by 
Weight 
Volumetric Percentages of Composite 
Soil (%) 
Sand Used Tire Granulates Water Cement 
90 / 10 
199 
~ 
216 
6 ~ 7 2.09 1 60 7 25 8 
80 / 20 
177 
~ 
192 
12 ~ 13 1.93 1 53 14 25 8 
70 / 30 
155 
~ 
168 
18 ~ 20 1.77 1 47 20 25 8 
60 / 40 
133 
~ 
144 
24 ~ 26 1.60 1 40 27 25 8 
50 / 50 
111 
~ 
120 
30 ~ 32 1.44 1 33 34 25 8 
3.6. CONSTANT HEAD PERMEABILITY TEST 
Soils are permeable due to the existence of interconnected voids through which water 
can flow from points of high energy to points of low energy. The study of the flow of 
water through permeable soil media is important in soil mechanics. It is necessary for 
estimating the quantity of underground seepage under various hydraulic conditions, 
for investigating problems involving the pumping of water for underground 
construction, and for making stability analyses of earth dams and earth retaining 
structures that are subject to seepage forces. Hydraulic conductivity of various soil 
layers is highly variable. The empirical relations for hydraulic conductivity should be 
used as a general guide for all practical considerations. The accuracy of the values of 
coefficient of permeability, k determined in the laboratory depends on several factors 
such as temperature of the fluid, viscosity of the fluid, trapped air bubbles present in 
the soil specimen, degree of saturation of the soil specimen, migration of fines during 
testing and duplication of field conditions in the laboratory. (Das, 2002) 
53 
 
Permeability is defined as the rate of flow of water under laminar conditions through 
a unit cross sectional area perpendicular to the direction of flow through a porous 
medium. The degree of permeability is characterized by the permeability coefficient, 
k. It is used to estimate ground water flow, calculate seepage through dams, find out 
the rate of consolidation and settlement of structures, to plan the method of lowering 
the ground water table, to calculate the uplift pressure and piping. Table 3.7 gives the 
results of constant head permeability test carried on sand, used tire granulates, used 
tire shreds, and sand and used tire granulates mixtures. 
Table 3.7 Constant Head Permeability Test Results of Each Sample 
Sample k (cm / s) 
Used Tire Shreds 5.6 x 10-2 
Used Tire Granulates 4.3 x 10-2 
Sand (50 %) + Used Tire Granulates (50 %) 3.0 x 10-2 
Sand (60 %) + Used Tire Granulates (40 %) 2.8 x 10-2 
Sand (70 %) + Used Tire Granulates (30 %) 2.6 x 10-2 
Sand (80 %) + Used Tire Granulates (20 %) 2.5 x 10-2 
Sand (90 %) + Used Tire Granulates (10 %) 2.4 x 10-2 
Sand 2.2 x 10-2 
According to Table 3.8, from the results of the constant head permeability tests done 
on each sample, it can be concluded that they all have medium to high degree of 
permeability. 
Table 3.8 Typical Values of Hydraulic Conductivity of Saturated Soils (Das, 2002) 
 
54 
 
3.7. DIRECT SHEAR TEST 
A stress increase caused by the construction of foundations or other loads 
compresses soil layers. The compression is caused by deformations or relocations of 
soil particles and expulsion of water or air from the voids. The shear strength of a 
soil mass is the internal resistance per unit area that the soil mass can offer to resist 
failure and sliding along any plane inside it. One must understand the nature of 
shearing resistance in order to analyze soil stability problems such as bearing 
capacity, slope stability and lateral pressure on earth retaining structures. (Das, 2002) 
There are many methods to determine the shear strength parameters of soil samples 
in the laboratory like; direct shear test, triaxial tests, simple shear test, and torsional 
ring shear test. In this study, the shear strength of soils is examined and the shear 
strength parameters are determined by direct shear test and unconfined compression 
test. In many engineering problems such as design of foundation, retaining walls, 
slab bridges, pipes and sheet piles, the value of the angle of internal friction and 
cohesion of the soil are required for design. Direct shear test is used to determine 
these parameters quickly. 
From the results of particle size distribution test, cohesion (c) can be assumed zero as 
there is insignificant amount of fine grained soil in the sample. Eight samples are 
prepared for direct shear test. Table 3.9 gives the results of direct shear test for each 
sample prepared. Figure 3.6, Figure 3.7 and Figure 3.8 show shear displacement, 
deformation and failure envelope graph of used tire granulates. The results of other 
samples are given in Appendix B. 
Table 3.9 Direct Shear Test Results of Each Sample 
Soil Dr (%) 
Ø 
(°) 
Sand 50 49 
Sand (90 %) + Used Tire Granulates (10 %) 50 46 
Sand (80 %) + Used Tire Granulates (20 %) 50 40 
Sand (70 %) + Used Tire Granulates (30 %) 50 40 
Sand (60 %) + Used Tire Granulates (40 %) 50 36 
Sand (50 %) + Used Tire Granulates (50 %) 50 31 
Used Tire Granulates 50 26 
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Figure 3.6 Shear Stress Displacement Behavior of Used Tire Granulates 
 
Figure 3.7 Deformation of Used Tire Granulates 
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Figure 3.8 Failure Envelope of Used Tire Granulates 
3.8. UNCONFINED COMPRESSION TEST 
The unconfined compression test is used to determine shear parameters of cohesive 
soils. In this study, composite soil samples with sand, used tire granulates, water and 
cement are casted according to Table 3.6 to perform unconfined compression test. 
Sand and used tire granulates mixtures are mixed with constant amount of cement 
and water, and casted into PVC casings with constant dimensions. The materials are 
mixed in a plastic bowl with a spatula for 15 minutes until a homogeneous mixture is 
obtained. Each sample is cured for 7 and 28 days. Curing is made in a traditional way 
where the concrete curing method is to expose the mixture to repeated water 
sprinkling and constant coverage with moist fabrics. To control casting accuracy of 
concrete, secondary sets of 90 / 10 and 50 / 50 composite soils were also made. 
Figure 3.9 shows curing conditions of samples. 
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 Figure 3.9 Curing Condition of Composite Soil Samples for Unconfined 
Compression Test 
Unconfined compression test does not provide very reliable values of soil shear 
strength as the effect of lateral restraint provided by the surrounding soil mass on the 
sample is lost when the sample is removed from the ground and it becomes 
disturbed. The friction on the sample ends from the loading plates provides a lateral 
restraint on the ends which alters the internal stresses an unknown amount. On the 
other hand, unconfined compression test is widely used for a quick, economical way 
to obtain the approximate shear strength of a cohesive soil. The results from the 
unconfined compression tests are given in Appendix C for all samples except 
composite soil 90 / 10 - I - 7. The term 90 / 10 – I – 7 indicates the composite soil 
first sample at 7th day of curing period with 90 percent of sand and 10 percent of 
used tire granulates volumetrically. Figure 3.10 shows stress strain response curve, 
Figure 3.11 shows Mohr circle and Figure 3.12 shows the picture during the 
unconfined compression test of composite soil 90 / 10 - I - 7. Pictures of some of the 
samples are given in Appendix C. Table 3.10 shows the results obtained from 
unconfined compression tests. 
58 
 
 
Figure 3.10 Stress Strain Response Curve of Composite Soil (90 / 10 - I - 7) 
 
Figure 3.11 Mohr Circle of Composite Soil (90 / 10 - I - 7) 
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Figure 3.12 Composite Soil (90 / 10 - I - 7) during the Unconfined Compression 
Test 
Table 3.10 Unconfined Compression Test Results of Each Sample 
Soil Sample No 
Duration 
(days) 
γn 
(kN / m3) 
ω 
(%) 
qu 
(kN / m2) 
cu 
(kN / m2) 
Sand (90 %) + Used Tire Granulates 
(10 %) 
1 
7 18.01 15 1730 865 
28 17.56 14 6886 3443 
2 
7 17.52 13 1618 809 
28 16.88 13 8219 4109 
Sand (80 %) + Used Tire Granulates 
(20 %) 1 
7 16.74 14 1254 627 
28 16.00 13 4877 2438 
Sand (70 %) + Used Tire Granulates 
(30 %) 1 
7 16.36 16 1207 603 
28 15.81 14 4010 2005 
Sand (60 %) + Used Tire Granulates 
(40 %) 1 
7 15.87 17 1120 560 
28 15.25 15 3129 1565 
Sand (50 %) + Used Tire Granulates 
(50 %) 
1 
7 15.04 21 441 220 
28 14.97 20 1498 749 
2 
7 14.51 21 413 206 
28 14.14 16 2261 1130 
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3.9. CALIFORNIA BEARING RATIO TEST 
California Bearing Ratio (CBR) test is a method of evaluating the relative quality of 
sub-grade, sub-base and base soils for pavements. This method was developed by 
California Division of Highways in 1929 for highway constructions and was also 
used in airfield constructions. CBR test measures the shearing resistance of a soil 
under controlled moisture and density conditions. CBR value is obtained as the ratio 
of the unit load required to induce a certain depth of penetration into a compacted 
soil specimen of the standard unit load required to obtain the same depth of 
penetration on a standard sample of crushed stone. Table 3.11 shows the 
classification of soils according to CBR values. 
Table 3.11 Classification with respect to the CBR (Bardet, 1997; Bowles, 1986) 
CBR  
(%) General Rating Uses 
0 ~ 3 Very Poor Sub-grade 
3 ~ 7 Poor to Fair Sub-grade 
7 ~ 20 Fair Sub-base 
20 ~ 50 good Base, Sub-base 
> 50 Excellent Base 
In this study, unsaturated CBR test is performed for each composite soil sample 
which is prepared like the unconfined compression test samples. They are also casted 
in PVC casings, but with larger dimensions. Curing is done for 28 days. 
Table 3.12, presents the results of CBR tests for each sample. All samples are found 
to be an excellent base material according to the Table 3.11. The results of CBR tests 
are given in Appendix D. Pictures of some of the samples are also given in Appendix 
D. Figure 3.13 shows the CBR test result of composite soil 90 / 10 - I - 28 and Figure 
3.14 shows the picture of composite soil 90 / 10 - I - 7 after it was dried in the oven. 
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Figure 3.13 CBR Test Result of Composite Soil (90 / 10 - I - 28) 
 
Figure 3.14 Composite Soil (90 / 10 - I - 28) after Oven Drying 
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Table 3.12 CBR Test Results of Each Sample 
Soil γn (kN / m3) 
ω 
(%) 
CBR 
(%) 
Sand (90 %) + Used Tire Granulates (10 %) 16.85 13 282 
Sand (80 %) + Used Tire Granulates (20 %) 16.04 13 276 
Sand (70 %) + Used Tire Granulates (30 %) 15.86 14 218 
Sand (60 %) + Used Tire Granulates (40 %) 15.25 15 200 
Sand (50 %) + Used Tire Granulates (50 %) 14.15 16 125 
 
4. DISCUSSION 
Stockpiling of used tires has become a great concern for environment in recent years. 
Possible usages for recycling of used tires in civil engineering and geotechnical 
engineering applications are being researched. In this thesis, used tire granulates are 
selected and investigated in two ways. First, used tire granulates are mixed with sand 
and the geotechnical properties of the mixtures are investigated. Then, sand and used 
tire granulates are casted with cement to make composite soils, and their 
geotechnical properties are investigated. Sand and used tire granulates mixtures and 
composite soils made with used tire granulates, sand and cement; whether they can 
be used as a ground modification material are investigated. 
Sand, used in this study is classified as poorly graded sand according to the USCS. 
This result is typical for sands which are collected from river and creek beds. Used 
tire granulates are also classified as poorly graded sand according to the USCS. They 
have relatively larger particles than the sand used in this study. Used tire granulates 
have particles exactly as designated in both ETRA CWA 14243 Post Consumer Tire 
Materials and Applications, and ASTM D6270 - 98 Standard Practice for Use of 
Scrap Tires in Civil Engineering Applications. Used tire shreds are classified as well 
graded gravel with sand according to the USCS. Soil sample referred in this study as 
used tire shreds, is classified as used tire chips according to ETRA CWA 14243, and 
ASTM D6270 - 98 standards. 
A little amount of water is present in used tire granulates and shreds. These results 
are in agreement with the reviewed literature. Used tire shreds have higher water 
content than the used tire granulates as they have fibres. 
Specific gravity of sand is found as 2.66. High quartz mineral content of sand which 
is used in this study increases the specific gravity. Specific gravity of used tire shreds 
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is found as 1.23 which is within the limits of previous research done. High amount of 
fibre content in the used tire shreds decrease specific gravity insignificantly because 
of the presence of metal cords in them. Used tire granulates have specific gravity of 
1.10 which is within the limits found in literature. 
Dry unit weight of sand is found as 16.80 kN / m3 while natural unit weight is found 
as 17.15 kN / m3. Relative density of sand is found as 44 % which causes sand to be 
classified as C type soil according to the Specification for Buildings to be Built in 
Seismic Zones Chapters 1, 2 published in 2007 by the Ministry of Public Works and 
Settlement of the Republic of Turkey. (MPWSRT, 2007) According to this code, 
liquefaction is not a risk for this type of soil. Dry and natural unit weights of used tire 
shreds are the same and found as 4.10 kN / m3, and this value is between the limits of 
previous research available. Relative density of used tire shreds is found as 24 %.  
Dry and natural unit weights of used tire granulates are the same and found as 4.66 
kN / m3, and this value is between the limits of previous research available. Relative 
density of used tire granulates is found as 21 %. 
Used tire shreds have maximum dry unit weight as 5.52 kN / m3 while optimum 
water content is 3 %. Used tire granulates have maximum dry unit weight as 4.49 kN 
/ m3 while optimum water content is 3 %. Both used tire shreds and used tire 
granulates do not require too much compaction effort for reaching their maximum 
dry unit weights. High amount of water for sand, used tire shreds and used tire 
granulates fills will decrease their maximum dry unit weights. In lightweight fill 
construction, this property of soils can be helpful as the need for compaction is less. 
From the results of the tests concluded, regression curves are plotted which are third 
degree polynomial curves. The decision for selecting third degree polynomial curves 
for regression models is made due to the variation of the independent variable set. R2 
values are calculated from the regression curves for each test result. R2 is the 
coefficient of determination of regression, and often interpreted as the proportion of 
response variation in the regression model. Thus, R2 = 1 indicates that the fitted 
model explains all variability in y, while R2 = 0 indicates no linear relationship 
between the response variable and regression variable. An interior value such as R2 = 
0.7 may be interpreted as approximately seventy percent of the variation in the 
response variable can be explained by the explanatory variable. The remaining thirty 
percent can be explained by unknown, lurking variables or inherent variability. 
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Determining the R2 value is important to predict results of each test and to fit models 
for changing used tire granulates ratio. 
Sand, used tire granulates, used tire shreds, and sand and used tire granulates 
mixtures have medium to high degree of permeability. Figure 4.1 shows the 
correlation between coefficient of permeability and ratio of used tire granulates in the 
mixtures. Increasing the amount of used tire granulates in the mixtures increases the 
degree of permeability of the mixtures. Thin line plotted in Figure 4.1 is the 
regression curve of the permeability coefficient of sand and used tire granulates 
mixtures which gives the value of permeability coefficient for a certain ratio of used 
tire granulates in the mixture. The R2 value of coefficient of determination of this 
regression is 0.99. The equation for this curve is given in Equation 4.1 where x is the 
ratio of used tire granulates in the mixture expressed as a percentage and y is the 
coefficient of permeability in cm / s. 
y = (5 . 10-10 . x3) + (10-6 . x2) + (10-4 . x) + 0.0224  (4.1) 
 
Figure 4.1 Correlation between Coefficient of Permeability and Ratio of Used Tire 
Granulates in the Mixture 
Table 4.1 presents the internal friction angle and the shear modulus for each sample 
found from the results of direct shear tests. 
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Table 4.1 Internal Friction Angles and Average Shear Modulus of Sand and Used 
Tire Granulates Mixtures 
Sample Dr (%) Gs 
Ø 
(°) 
Gavg 
(kN / m2) 
Sand 50 2.66 49 1582 
Sand (90 %) + Used Tire Granulates (10 %) 50 2.50 46 1231 
Sand (80 %) + Used Tire Granulates (20 %) 50 2.35 40 917 
Sand (70 %) + Used Tire Granulates (30 %) 50 2.19 40 796 
Sand (60 %) + Used Tire Granulates (40 %) 50 2.04 36 629 
Sand (50 %) + Used Tire Granulates (50 %) 50 1.88 31 488 
Used Tire Granulates 50 1.10 26 312 
Figure 4.2 shows the correlation between ratio of used tire granulates in sand and 
used tire granulates mixtures and internal friction angle. Increasing the amount of 
used tire granulates in sand and used tire granulates mixtures decreases the internal 
friction angle of the mixture. Thin line plotted in Figure 4.2 is the regression curve of 
the internal friction angle of sand and used tire granulates mixtures which gives the 
value of internal friction angle for a certain ratio of used tire granulates ratio in the 
mixture. The R2 value of coefficient of determination of this regression is 0.98. The 
equation for this curve is given in Equation 4.2 where x is the ratio of used tire 
granulates in the mixture expressed as a percentage and y is the internal friction 
angle in degrees. 
y = (3 . 10-5 . x3) - (2 . 10-3 . x2) - (0.3117 . x) + 49.019  (4.2) 
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Figure 4.2 Correlation between Internal Friction Angle and Ratio of Used Tire 
Granulates in the Mixture 
Table 4.2 gives Poisson ratios of soils and rubber. Used tire granulates have Poisson 
ratio similar to rubber as the used tire granulates are isotropic like the rubber. The 
results of the calculations of shear modulus of sand and used tire granulates mixtures, 
and the comparisons of shear stress displacement behavior and deformation of sand 
and used tire granulates are given in Appendix E. Increasing the amount of used tire 
granulates in sand and used tire granulates mixtures decreases the shear stress of the 
mixture, but increases the deformation of the mixture. 
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Table 4.2 Poisson Ratios of Soils and Rubber (Ozudogru et al, 1988; Manion and 
Humphrey, 1992; Humphrey et al, 1992; Drescher and Newcomb, 1994; Edil and 
Bosscher, 1992; Yang et al, 2002) 
Soil μ 
Saturated Clay 0.40 ~ 0.50 
Unsaturated Clay or Sandy Clay 0.20 ~ 0.40 
Sand (Ø = 40°) 0.20 
Sand (Ø = 20°) 0.50 
Silt 0.30 ~ 0.35 
Rock 0.10 ~ 0.40 
Rubber 
(Used Tire Shreds / Chips) 
0.50 
(0.49) 
Young modulus and shear modulus are calculated using Equation 4.3, Equation 4.4 
and Equation 4.5 where E is the Young modulus, G is the shear modulus, μ is the 
Poisson ratio, ΔL is the shear displacement, L0 is the initial length of the sample, σ is 
the vertical stress, τ is the shear stress, Δx is the horizontal displacement and A0 is 
the initial area of the sample. (Bardet, 1997) Only shear modulus can be found from 
the direct shear test results because of the bidirectional displacement of the direct 
shear test specimen. Initial shear moduli for each loading step are calculated, and 
then average of these values is taken. Average shear modulus is considered as the 
exact value for the mixture. 
ܧ  ൌ  
⁄
ఙ
ሺ∆௅   ௅బሻ
  (4.3) 
ܩ  ൌ  
ሺ∆௫   ஺బሻ⁄
ఛ   
ܧ  ൌ 2 . ܩ . ሺ1  ൅  ߤሻ  (4.5) 
 (4.4) 
Figure 4.3 gives correlation between the ratio of used tire granulates in sand and used 
tire granulates mixtures and the shear modulus. Increasing the amount of used tire 
granulates in sand and used tire granulates mixtures decreases the shear modulus of 
the mixture. Thin line plotted in Figure 4.3 is the regression curve of the shear 
modulus of sand and used tire granulates mixtures which gives the value of shear 
modulus for a certain ratio of used tire granulates in the mixture. The R2 value of 
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coefficient of determination of this regression is 0.99. The equation for this curve is 
given in Equation 4.6 where x is the ratio of used tire granulates in the mixture 
expressed as a percentage and y is the shear modulus in kN / m2. Figure 4.4 gives the 
comparison of failure envelopes of sand used tire granulates mixtures. 
y = (-18 . 10-4 . x3) + (4382 . 10-4 . x2) - (38.798 . x) + 1574.9      (4.6) 
 
Figure 4.3 Correlation between Shear Modulus and Ratio of Used Tire Granulates in 
the Mixture 
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Figure 4.4 Comparison of Failure Envelopes of Sand, Used Tire Granulates and 
Sand and Used Tire Granulates Mixtures 
Table 4.3 gives the unconfined compression strength and the Young modulus for 
each composite soil sample. The results of the calculations of Young modulus of 
composite soils, and comparisons of shear stress response curves and Mohr circles of 
composite soils are given in Appendix F. 
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Table 4.3 Unconfined Compression Strengths and Young Modulus of Composite 
Soils 
Sample No Duration (days) 
qu 
(kN / m2) 
E 
(kN / m2) 
Sand (90 %) + Used Tire Granulates 
(10 %) 
1 
7 1730 84791 
28 6886 103832 
2 
7 1618 79301 
28 8219 536990 
Sand (80 %) + Used Tire Granulates 
(20 %) 1 
7 1254 54623 
28 4877 318688 
Sand (70 %) + Used Tire Granulates 
(30 %) 1 
7 1207 59171 
28 4010 314402 
Sand (60 %) + Used Tire Granulates 
(40 %) 1 
7 1120 62767 
28 3129 245387 
Sand (50 %) + Used Tire Granulates 
(50 %) 
1 
7 441 57676 
28 1498 73445 
2 
7 413 54050 
28 2261 295472 
Figure 4.5 gives the correlation for the ratio of used tire granulates in the composite 
soil and the unit weight for 7th and 28th days. Increasing the amount of used tire 
granulates in the composite soil decreases the unit weight. Thin lines plotted in 
Figure 4.5 are the regression curves of the unit weights of the composite soils which 
give the values of unit weights for certain ratios of used tire granulates in the 
composite soils. The R2 value of coefficient of determination of both regressions is 
0.99. The equations for these curves are given in Equation 4.7 and Equation 4.8 
respectively where x is the ratio of used tire granulates in the composite soil 
expressed as a percentage and y is the unit weight in kN / m3. 
y = (-10-4 . x3) + (86 . 10-4 . x2) - (0.263 . x) + 19.404        (4.7) 
y = (-10-4 . x3) + (87 . 10-4 . x2) - (0.2713 . x) + 18.811   (4.8) 
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Figure 4.5 Correlation between Unit Weight and Ratio of Used Tire Granulates in 
the Composite Soil 
Figure 4.6 gives the correlation for the ratio of used tire granulates in the composite 
soil and the water content for 7th and 28th days. Increasing the amount of used tire 
granulates in the composite soil increases the water content. Thin lines plotted in 
Figure 4.6 are the regression curves of the water contents of the composite soils 
which give the values of water contents for certain ratios of used tire granulates in 
the composite soils. The R2 value of coefficient of determination of both regressions 
is 0.99. The equations for these curves are given in Equation 4.9 and Equation 4.10 
respectively where x is the ratio of used tire granulates in the composite soil 
expressed as a percentage and y is the water content expressed as a percentage. 
y = (9. 10-5 . x3) - (46 . 10-4 . x2) + (0.1859 . x) + 11.976    (4.9) 
y = (2 . 10-4 . x3) - (137 . 10-4 . x2) + (0.3403 . 10-4 . x) + 10.331     (4.10) 
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 Figure 4.6 Correlation between Water Content and Ratio of Used Tire Granulates in 
the Composite Soil 
Figure 4.7 gives the correlation for the ratio of used tire granulates in the composite 
soil and the unconfined compression strength for 7th and 28th days. Increasing the 
amount of used tire granulates in the composite soil decreases the unconfined 
compression strength. Thin lines plotted in Figure 4.7 are the regression curves of the 
unconfined compression strengths of the composite soils which give the values of 
unconfined compression strengths for certain ratios of used tire granulates in the 
composite soils. The R2 value of coefficient of determination of both regressions is 
0.99. The equations for these curves are given in Equation 4.11 and Equation 4.12 
respectively where x is the ratio of used tire granulates in the composite soil 
expressed as a percentage and y is the unconfined compression strength in kN / m2. 
y = (-7.82 . 10-2 . x3) + (6.5183 . x2) - (178.84 . x) + 2836.3      (4.11) 
y = (-20.52 . 10-2 . x3) + (21.989 . x2) - (832.25 . x) + 14512      (4.12) 
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 Figure 4.7 Correlation between Unconfined Compression Strength and Ratio of 
Used Tire Granulates in the Composite Soil 
Figure 4.8 gives the correlation for the ratio of used tire granulates in the composite 
soil and the Young modulus for 7th and 28th days. Increasing the amount of used tire 
granulates in the composite soil decreases the Young modulus. Thin lines plotted in 
Figure 4.8 are the regression curves of the Young modulus of the composite soils 
which give the values of Young modulus for certain ratios of used tire granulates in 
the composite soils. The R2 value of coefficient of determination of 7th day 
regression is 0.98. The R2 value of coefficient of determination of 28th day regression 
is 0.93. The equations for these curves are given in Equation 4.13 and Equation 4.14 
respectively where x is the ratio of used tire granulates in the composite soil 
expressed as a percentage and y is the Young modulus in kN / m2. Only Young 
modulus can be calculated from the unconfined compression test due to the 
bidirectional displacement of the unconfined compression test specimen. 
y = (-3.4617 . x3) + (333.68 . x2) - (9920.5 . x) + 148332      (4.13) 
y = (-7.9095 . x3) + (1049 . x2) - (44460 . x) + 877992      (4.14) 
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Figure 4.8 Correlation between Young Modulus and Ratio of Used Tire Granulates 
in the Composite Soil 
Figure F.1 and Figure F.2 in Appendix F show comparisons of stress strain response 
curves of composite soils at 7th and 28th days. Increasing the amount of used tire 
granulates in the composite soil decreases the axial stress. Figure F.3 and Figure F.4 
in Appendix F show comparisons of Mohr circles of composite soils at 7th and 28th 
days. Increasing the amount of used tire granulates in the composite soil decreases 
the cohesion value. 
Figure 4.9 shows comparison of CBR values of composite soils with respect to 100 
% CBR curve. Increasing the amount of used tire granulates in the composite soil 
decreases the CBR value. 
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Figure 4.9 Comparison of CBR Values of Composite Soils 
Figure 4.10 gives the correlation for the ratio of used tire granulates in the composite 
soil and the CBR value. Increasing the amount of used tire granulates in the 
composite soil decreases the CBR value. Thin line plotted in Figure 4.10 is the 
regression curve of the CBR value of the composite soils which gives the value of 
CBR value for certain ratio of used tire granulates in the composite soils. The R2 
value of curve is 0.96. The equation for this curve is given in Equation 4.15 where x 
is the ratio of used tire granulates in the composite soil expressed as a percentage and 
y is the CBR value expressed as a percentage.  
y = (-4 . 10-4 . x3) - (362 . 10-4 . x2) - (6047 . 10-4 . x) + 294.81       (4.15) 
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Figure 4.10 Correlation between CBR Value and Ratio of Used Tire Granulates in 
the Composite Soil 
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5. CONCLUSIONS 
One of the soil improvement and ground modification techniques is the soil 
stabilization by mixing soil with admixtures. Admixtures are usually used to stabilize 
soils in the field, especially fine grained soils. The most common admixtures are 
lime, cement and lime with fly ash. The main purposes of soil stabilization are to 
modify the soil, accelerate construction, and improve the strength and durability of 
the soil. Cement is increasingly used as a stabilizing material for soil, particularly for 
the construction of highways and earth dams. The first controlled soil cement 
construction in the United States was carried out near Johnsonville, South Carolina, 
in 1935. Cement can be used to stabilize sandy and clayey soils. Cement helps 
increase the strength of soils and its strength increases with the curing time. Granular 
soils are most suitable for cement stabilization. Table 5.1 presents some typical 
values of the unconfined compression strength of various types of untreated soil, and 
soil and cement mixtures made with approximately 10 % cement by weight. Water 
per cement ratio of ground modification methods differ from 0.5 to 5. For field 
compaction, the proper amount of cement can be mixed with soil either at the site or 
at a mixing plant and carried to the site. The soil is compacted to the required unit 
weight with a predetermined amount of water. Cement slurry made of Portland 
cement and water (water to cement ratio = 1 / 10) can be used for pressure grouting 
of weak soils under foundations of buildings and other structures. Grouting decreases 
the hydraulic conductivity of soils, and increases the strength and the load bearing 
capacity. For design of low frequency machine foundations subjected to vibration 
forces, strengthening the foundation soil by grouting will increase its resonant 
frequency. (Das, 1999) 
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Table 5.1 Typical Compressive Strengths of Soils, Soil and Cement Mixtures and 
Concrete (Das, 1999; TSE, 1996) 
Soil 
Unconfined Compression 
Strength 
qu 
(kN / m2) 
Untreated Clay or Peat < 350 
Untreated Well Compacted Sandy Clay 70 ~ 280 
Untreated Well Compacted Gravel, Sand or Clay 
Mixtures 280 ~ 700 
Cement Treated (10 % by Weight) Clay or 
Organic Soils < 350 
Cement Treated (10 % by Weight) Silts, Silty 
Clays, Poorly Graded Sands or Slightly Organic 
Soils 
350 ~ 1050 
Cement Treated (10 % by Weight) Silty Clays, 
Sandy Clays, Poorly Graded Sands or Gravels 700 ~ 1730 
Cement Treated (10 % by Weight) Silty Sands, 
Sandy Clays, Sands or Gravels 1730 ~ 3460 
Cement Treated (10 % by Weight) Well Graded 
Sand with Clay or Gravel, Sand with Clay 
Mixtures, Sands or Gravels 
3460 ~ 10350 
Concrete (TS 802 T2) C16 16000 
According to Mc Isaac and Rowe, the usage of used tire granulates or shreds as 
drainage materials, is not very efficient. It is assumed that although used tire 
granulates and its mixtures with sand have higher degree of permeability than the 
sand, in time with continuous flow, clogging will occur in used tire granulates or 
sand and used tire granulates mixture columns. Therefore, for design of fills of used 
tire granulates or sand and used tire granulates mixtures, initial degree of 
permeability must be considered high as it will decrease in continuous flow. Used 
tire granulates or sand and used tire granulates mixtures must be considered 
unsuitable as drainage materials for long term designs. Used tire granulates cannot be 
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used as an aggregate in grouting as they have larger particles than the diameter of the 
nozzle of jet grout machines. 
Used tire granulates can be used as a fill material in geotechnical engineering. They 
may not be a substitute for conventional fill materials due to their low strength. 
However, using used tire granulates may help engineers to stabilize sandy soils or 
weak soils. Used tire granulates, and sand and used tire granulates mixtures may be 
used as lightweight fill materials due to their low specific gravities and natural unit 
weights. Sand and used tire granulates mixtures have high relative densities where 
used tire shreds and granulates have low relative densities which may cause 
liquefaction according to the Specification for Buildings to be Built in Seismic Zones 
Chapter 1,2. To prevent liquefaction of fills of used tire granulates or shreds, sand 
and used tire granulates or shreds mixtures must be used. Using sand and used tire 
granulates mixtures can also decreases the possibility of combustion. 
If used tire granulates are mixed with sand, internal friction angle of sand decreases. 
In the design of slope stability, sand and used tire granulates mixtures must be used 
instead of used tire granulates as they have high internal friction angles. Literature 
reviewed for this study indicates that used tire shreds and used tire chips are 
anisotropic or transversely isotropic (cross anisotropic). However, used tire 
granulates have the same characteristic properties for each direction which make 
them isotropic. Fills made of used tire granulates have lower shear modulus than 
sand fills. According to the SBBSZ, it is possible to change local soil class of used 
tire granulates fills from Z2 to Z1 if sand and used tire granulates mixtures are used 
with respect to their shear modulus. Sand and used tire granulates mixtures have 
lower shear modulus than sand. 
Used tire granulates can be used as admixture to stabilize sandy soils. For that 
purpose, sand must be mixed with used tire granulates and cement to make 
composite soil. Composite soils with sand, used tire granulates and cement have high 
unconfined compression strengths and they decrease the hydraulic conductivity for 
stabilizing sandy soils. Stabilization of sandy soil with composite soil aids sandy 
soils local soil class in changing from Z3 to Z1 by improving its unconfined 
compression strength. Also soil stabilization with composite soil increases CBR 
values and decreases hydraulic conductivity of sand fills under highways. Increasing 
CBR values aid in making excellent base or sub-base fills for roads or pavements 
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with composite soils. Decreasing the hydraulic conductivity improves the durability 
of bases and sub-bases. 
Used tire granulates are not economically important for used tire regeneration plants 
today. It helps engineers to get used tire granulates for geotechnical projects with 
zero cost. Mixing used tire granulates with sand may decrease the cost of the fill 
operation in construction areas where sand is expensive. However, composite soil 
usage is not cost efficient as the high cost of cement may prevent thick soil 
stabilization layers. Increasing demand on used tire granulates eventually effects 
their economical importance. Due to demand, regeneration plants will begin to quote 
a price for used tire granulates. 
According to previous studies, usage of used tire granulates, sand and used tire 
granulates mixtures or composite soils will not pollute soil or groundwater. Usage of 
sand and used tire granulates mixtures, used tire granulates or composite soils will 
help decrease the amount of stockpiled used tires and finding a great solution for one 
of the most important environmental problems of today’s world. 
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APPENDICES 
APPENDIX A 
Table A.1 Calculations for Composite Soil Sample Preparation 
Volume of 
specimen  = 196 cm
3 
  
Allowed W / C ratio 
according to the TS 802 
T2 
= 0.44 or else >>> 
W / C ratio for C16 = 0.80 >>> Upper limit   
Water volume for 1 m3 concrete with 
C8 classification = 
196 ~ 248 
lt >>> 
For 
196 
cm3 
= 
39 
~ 
49 
cm3
C8 is the concrete with aggregates not larger than 0.8 mm. 
Therefore >>> 
Upper 
limit 
for 
cement 
= 49 ~ 62 gr >>> 
16 ~ 
20 
cm3 
dcement 
= 
3.15 gr / 
cm3 
Aggregate 
volume = 
130 ~ 
141 cm
3 >>> 
Used tire 
granulate 
density 
= 0.45 gr / cm3  
  
Sand 
density = 1.70 
gr / 
cm3  
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APPENDIX B 
 
Figure B.1 Shear Stress Displacement Behavior of Sand 
 
Figure B.2 Deformation of Sand 
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Figure B.3 Failure Envelope of Sand 
 
Figure B.4 Shear Stress Displacement Behavior of Sand and Used Tire Granulates 
Mixture (90 / 10) 
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Figure B.5 Deformation of Sand and Used Tire Granulates Mixture (90 / 10) 
 
Figure B.6 Failure Envelope of Sand and Used Tire Granulates Mixture (90 / 10) 
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Figure B.7 Shear Stress Displacement Behavior of Sand and Used Tire Granulates 
Mixture (80 / 20) 
 
Figure B.8 Deformation of Sand and Used Tire Granulates Mixture (80 / 20) 
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Figure B.9 Failure Envelope of Sand and Used Tire Granulates Mixture (80 / 20) 
 
Figure B.10 Shear Stress Displacement Behavior of Sand and Used Tire Granulates 
Mixture (70 / 30) 
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Figure B.11 Deformation of Sand and Used Tire Granulates Mixture (70 / 30) 
 
Figure B.12 Failure Envelope of Sand and Used Tire Granulates Mixture (70 / 30) 
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Figure B.13 Shear Stress Displacement Behavior of Sand and Used Tire Granulates 
Mixture (60 / 40) 
 
Figure B.14 Deformation of Sand and Used Tire Granulates Mixture (60 / 40) 
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Figure B.15 Failure Envelope of Sand and Used Tire Granulates Mixture (60 / 40) 
 
Figure B.16 Shear Stress Displacement Behavior of Sand and Used Tire Granulates 
Mixture (50 / 50) 
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Figure B.17 Deformation of Sand and Used Tire Granulates Mixture (50 / 50) 
 
Figure B.18 Failure Envelope of Sand and Used Tire Granulates Mixture (50 / 50) 
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APPENDIX C 
 
Figure C.1 Composite Soil (90 / 10 - I - 7) after the Unconfined Compression Test 
 
Figure C.2 Stress Strain Response Curve of Composite Soil (90 / 10 - II - 7) 
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Figure C.3 Mohr Circle of Composite Soil (90 / 10 - II - 7) 
 
Figure C.4 Composite Soil (90 / 10 - II - 7) after the Unconfined Compression Test 
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Figure C.5 Stress Strain Response Curve of Composite Soil (90 / 10 - I - 28) 
 
Figure C.6 Mohr Circle of Composite Soil (90 / 10 - I - 28) 
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Figure C.7 Stress Strain Response Curve of Composite Soil (90 / 10 - II - 28) 
 
Figure C.8 Mohr Circle of Composite Soil (90 / 10 - II - 28) 
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Figure C.9 Composite Soil (90 / 10 - II - 28) after Oven Drying 
 
Figure C.10 Stress Strain Response Curve of Composite Soil (80 / 20 - I - 7) 
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Figure C.11 Mohr Circle of Composite Soil (80 / 20 - I - 7) 
 
Figure C.12 Composite Soil (80 / 20 - I - 7) after Oven Drying 
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Figure C.13 Stress Strain Response Curve of Composite Soil (80 / 20 - I - 28) 
 
Figure C.14 Mohr Circle of Composite Soil (80 / 20 - I - 28) 
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Figure C.15 Stress Strain Response Curve of Composite Soil (70 / 30 - I - 7) 
 
Figure C.16 Mohr Circle of Composite Soil (70 / 30 - I - 7) 
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Figure C.17 Stress Strain Response Curve of Composite Soil (70 / 30 - I - 28) 
 
Figure C.18 Mohr Circle of Composite Soil (70 / 30 - I - 28) 
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Figure C.19 Stress Strain Response Curve of Composite Soil (60 / 40 - I - 7) 
 
Figure C.20 Mohr Circle of Composite Soil (60 / 40 - I - 7) 
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Figure C.21 Stress Strain Response Curve of Composite Soil (60 / 40 - I - 28) 
 
Figure C.22 Mohr Circle of Composite Soil (60 / 40 - I - 28) 
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Figure C.23 Stress Strain Response Curve of Composite Soil (50 / 50 - I - 7) 
 
Figure C.24 Mohr Circle of Composite Soil (50 / 50 - I - 7) 
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Figure C.25 Composite Soil (50 / 50 - I - 7) with PVC Casing 
 
Figure C.26 Composite Soil (50 / 50 - I - 7) before Oven Drying 
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Figure C.27 Stress Strain Response Curve of Composite Soil (50 / 50 - II - 7) 
 
Figure C.28 Mohr Circle of Composite Soil (50 / 50 - II - 7) 
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Figure C.29 Stress Strain Response Curve of Composite Soil (50 / 50 - I - 28) 
 
Figure C.30 Mohr Circle of Composite Soil (50 / 50 - I - 28) 
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Figure C.31 Composite Soil (50 / 50 - I - 28) after Oven Drying 
 
Figure C.32 Stress Strain Response Curve of Composite Soil (50 / 50 - II - 28) 
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Figure C.33 Mohr Circle of Composite Soil (50 / 50 - II - 28) 
APPENDIX D 
 
Figure D.1 CBR Test Result of Composite Soil (80 / 20 - I - 28) 
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Figure D.2 Composite Soil (80 / 20 - I - 28) after Oven Drying 
 
Figure D.3 CBR Test Result of Composite Soil (70 / 30 - I - 28) 
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Figure D.4 Composite Soil (70 / 30 - I - 28) after Oven Drying 
 
Figure D.5 CBR Test Result of Composite Soil (60 / 40 - I - 28) 
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Figure D.6 CBR Test Result of Composite Soil (50 / 50 - I - 28) 
 
Figure D.7 Composite Soil (50 / 50 - I - 28) after Oven Drying 
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APPENDIX E 
Table E.1 Shear Modulus Calculation for Sand 
τ 
(kN / m2) Δx / h 
G 
(kN / mm2) 
Gavg 
(kN / m2) 
109.2 0.13 0.0008 
1582 255.4 0.15 0.0017 
374.4 0.17 0.0022 
Table E.2 Shear Modulus Calculation for Used Tire Granulates 
τ 
(kN / m2) Δx / h 
G 
(kN / mm2) 
Gavg 
(kN / m2) 
68.6 0.42 0.0002 
312 125.6 0.38 0.0003 
167.5 0.38 0.0004 
Table E.3 Shear Modulus Calculation for Sand and Used Tire Granulates Mixture 
(90 / 10) 
τ 
(kN / m2) Δx / h 
G 
(kN / mm2) 
Gavg 
(kN / m2) 
109.4 0.15 0.0007 
1231 210.3 0.17 0.0012 
345.2 0.20 0.0017 
Table E.4 Shear Modulus Calculation for Sand and Used Tire Granulates Mixture 
(80 / 20) 
τ 
(kN / m2) Δx / h 
G 
(kN / mm2) 
Gavg 
(kN / m2) 
100.1 0.16 0.0006 
917 191.1 0.22 0.0009 
276.2 0.22 0.0013 
 
122 
 
Table E.5 Shear Modulus Calculation for Sand and Used Tire Granulates Mixture 
(70 / 30) 
τ 
(kN / m2) Δx / h 
G 
(kN / mm2) 
Gavg 
(kN / m2) 
99.2 0.24 0.0004 
796 183.8 0.24 0.0008 
277.9 0.23 0.0012 
Table E.6 Shear Modulus Calculation for Sand and Used Tire Granulates Mixture 
(60 / 40) 
τ 
(kN / m2) Δx / h 
G 
(kN / mm2) 
Gavg 
(kN / m2) 
90.0 0.23 0.0004 
629 159.4 0.26 0.0006 
246.8 0.28 0.0009 
Table E.7 Shear Modulus Calculation for Sand and Used Tire Granulates Mixture 
(50 / 50) 
τ 
(kN / m2) Δx / h 
G 
(kN / mm2) 
Gavg 
(kN / m2) 
76.8 0.15 0.0005 
488 147.8 0.36 0.0004 
205.8 0.38 0.0005 
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Figure E.1 Comparison of Shear Stress Displacement Behavior of Sand, Used Tire 
Granulates and Sand and Used Granulates Mixtures (σ = 100 kN / m2) 
 
Figure E.2 Comparison of Shear Stress Displacement Behavior of Sand, Used Tire 
Granulates and Sand and Used Granulates Mixtures (σ = 200 kN / m2) 
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Figure E.3 Comparison of Shear Stress Displacement Behavior of Sand, Used Tire 
Granulates and Sand and Used Granulates Mixtures (σ = 300 kN / m2) 
 
Figure E.4 Comparison of Deformations of Sand, Used Tire Granulates and Sand 
and Used Granulates Mixtures (σ = 100 kN / m2) 
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Figure E.5 Comparison of Deformations of Sand, Used Tire Granulates and Sand 
and Used Granulates Mixtures (σ = 200 kN / m2) 
 
Figure E.6 Comparison of Deformations of Sand, Used Tire Granulates and Sand 
and Used Granulates Mixtures (σ = 300 kN / m2) 
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APPENDIX F 
Table F.1 Young Modulus Calculation for Composite Soil (90 / 10 - I - 7) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
1730.4 0.02 84791 
Table F.2 Young Modulus Calculation for Composite Soil (90 / 10 - II - 7) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
1618.4 0.02 79301 
Table F.3 Young Modulus Calculation for Composite Soil (90 / 10 - I - 28) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
6886.8 0.07 103832 
Table F.4 Young Modulus Calculation for Composite Soil (90 / 10 - II - 28) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
8219.2 0.02 536990 
Table F.5 Young Modulus Calculation for Composite Soil (80 / 20 - I - 7) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
1254.1 0.02 54623 
Table F.6 Young Modulus Calculation for Composite Soil (80 / 20 - I - 28) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
4877.9 0.02 318688 
Table F.7 Young Modulus Calculation for Composite Soil (70 / 30 - I - 7) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
1207.6 0.02 59171 
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Table F.8 Young Modulus Calculation for Composite Soil (70 / 30 - I - 28) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
4010.2 0.01 314402 
Table F.9 Young Modulus Calculation for Composite Soil (60 / 40 - I - 7) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
1120.8 0.02 62767 
Table F.10 Young Modulus Calculation for Composite Soil (60 / 40 - I - 28) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
3129.9 0.01 245387 
Table F.11 Young Modulus Calculation for Composite Soil (50 / 50 - I - 7) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
441.4 0.01 57676 
Table F.12 Young Modulus Calculation for Composite Soil (50 / 50 - II - 7) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
413.6 0.01 54050 
Table F.13 Young Modulus Calculation for Composite Soil (50 / 50 - I - 28) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
1498.9 0.02 73445 
Table F.14 Young Modulus Calculation for Composite Soil (50 / 50 - II - 28) 
σ 
(kN / m2) ΔL / L0 
E 
(kN / m2) 
2261.3 0.01 295472 
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Figure F.1 Comparison of Stress Strain Response Curves of Composite Soils at 7th 
Day 
 
Figure F.2 Comparison of Stress Strain Response Curves of Composite Soils at 28th 
Day 
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Figure F.3 Comparison of Mohr Circles of Composite Soils at 7th Day 
 
Figure F.4 Comparison of Mohr Circles of Composite Soils at 28th Day 
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